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Abstract 
The central theme of this thesis was the development of thermoplastic starch materials and 
composites, their characterization and analysis of mechanical properties.  
X-ray diffraction methodology was developed for the quantitative interpretation of the 
diverse supra-molecular structures within starch materials, and their effects on 
retrogradation properties. An iterative smoothing process, using a Savitzky-Golay filter, 
was used to estimate and subtract the amorphous scattering contribution from X-ray 
spectra and thus estimate the crystallinity of both native granular starches and 
thermoplastic starch films. The crystalline X-ray spectra can then be subjected to curve 
fitting techniques to quantify the percentage of A, B or V type crystalline phases in a 
sample. The background subtraction technique was used to monitor the retrogradation of a 
freshly produced high amylose starch film over a five day period. The X-ray diffraction 
areas considered to represent both the amorphous phase and crystalline phases were 
separated and independently analyzed for changes over time. The amorphous component 
in the thermoplastic starch changed rapidly after film forming and there appeared to be 
some short range ordering of the „amorphous‟ components over time that enhanced 
scattering intensity and peak shape. Whilst this weak ordering should not be considered 
crystalline through definition, it did indicate that some dynamic molecular re-arrangements 
were taking place within the amylose fraction as water was lost, and could be considered 
to be a form of retrogradation.  
The mechanical properties of films made from starches of various botanical origins and 
one industrial chemically hydroxypropylated starch was examined. Stress-strain and 
dynamic mechanical analysis indicated that the hydroxypropylated and potato starch create 
films with the lowest modulus, highest elongation and best overall film characteristics.  
A high amylose starch was modified using commercially available reactive dyes to try to 
create a film with reduced retrogradation and similar properties to a hydroxypropylated 
starch film. Reactive dyes had a high affinity for starch and reaction efficiencies of 
approximately 80% were achieved. The commercial reactive dye Procion™ MX5B 
reduced film retrogradation (retrogradation monitored using X-ray scattering) and film 
crystallinity, improved elongation and lowered film modulus.  
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The chemical phosphorylation of three starches, hydroxypropylated, high amylose and 
potato starch was conducted, and the modified starches made into thermoplastic films and 
mechanical properties examined. Phosphorylation efficiency was found to be dependent on 
starch type and phosphate concentration used. Potato starch had the highest overall 
reaction efficiency. Film modulus and elongation was reduced with increasing 
phosphorous content. X-ray diffraction analysis reveals an anomalous peak in 
phosphorylated hydroxypropylated (Eco Film) starch and Potato starch at 16º 2θ. This 
peak is possibly an allomorph of V type crystallinity created by phosphate ester modified 
single helices. 
The effect of low concentrations of glycerol, borax and a combination of both glycerol and 
borax on hydroxypropylated starch / PVOH film mechanical properties was examined. The 
molecular orientation effect observed in extruded starch control films caused mechanical 
properties to differ in the machine and transverse extrusion direction. Glycerol had an anti-
plasticizing effect in the transverse direction, but increased elongation in the machine 
direction. Borax addition increased Young‟s modulus in the machine and transverse 
direction, enhanced tensile strength and creep and recovery and reduced elongation. A 
combination of borax and glycerol together provided thermoplastic starch polymers with 
increased elongation, decreased modulus and enhanced creep recovery and tensile strength 
with respect to the control. Principal component analysis (PCA) was used to investigate 
the borax and glycerol film mechanical property changes. Due to the molecular orientation 
observed in extruded starch films, the addition of a plasticiser or cross-linker did not have 
a homogeneous effect on mechanical properties; rather it affected properties in the 
machine and transverse directions differently.  
The reactive extrusion of TEOS and thermoplastic starch to produce starch–silica 
composites was achieved. Reaction efficiency was determined by X-ray florescence 
measurement of film Si content, and efficiency was observed to improve with increasing 
TEOS concentration. The base-catalysed hydrolysis of TEOS in situ produced well 
dispersed silicon dioxide particles and agglomerates that directly affected film mechanical 
properties. The composites produced had enhanced tensile strength but lower elongation 
and visco-elasticity. Tensile strength was shown to increase by 65% at only 1% w/w SiO2 
and elongation decreased by 69%. Scanning electron microscopy was used to examine 
SiO2 agglomerate size and film morphology. Films typically displayed spherical SiO2 
aggregated ranging from 20μm to <1μm. Films with high SiO2 content were noted to have 
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varying morphology and some large (>100um) SiO2 clusters. Film modulus and ultimate 
tensile strength increased while elongation at break decreased with increasing SiO2 
content. 
A wide variety of native starches, chemical modified starches and additives were trialed to 
create thermoplastic starch films and composites that featured a diverse range of 
mechanical properties.  
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Glossary 
Allomorph – Any of several different crystalline forms of the same chemical compound 
E‟ - storage modulus, defines the elastic response of a material but is not the same as 
Young‟s modulus. It is a measurement of the energy stored by the material during a cycle 
E” - loss modulus, describes the viscous response of a material. Loss modulus can be 
described as a materials energy lost to visco-elastic flow or dissipation of heat 
Elongation – an extension, being lengthened. The extension of a material under stress 
HP – Hydroxypropylated. Chemically modified starch created by starch reaction with 
propylene oxide 
M.C. – Moisture content 
PEG – Poly(ethylene glycol) 
SAXS – Small angle X-ray scattering 
Strain – ratio of elongation of a material with respect to the original length. 
Stress – a measurement of compressive or tensile force exerted per area  
Tensile – related to tension, being pulled or stretched  
Tg - the temperature below which an amorphous material is a glassy solid and above 
which it is a viscous liquid. A large change in Young‟s modulus is experienced around Tg. 
THF – Tetrahydrofuran, (C4H8O).  
TPS – Thermoplastic Starch 
WAXS – Wide angle X-ray Scattering 
Young‟s Modulus – tensile modulus describing the stiffness or elasticity of a material 
XRD – X-ray Diffraction. 
XRF – X-ray Fluorescence 
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Chapter 1: Introduction 
Plastics are durable, safe, aesthetically pleasing and economically manufactured. One of 
the largest global uses of plastics is packaging. Commercial packaging is generally made 
from a range of polyolefins (polypropylene, polyethylene, poly(vinyl alcohol), and 
polystyrene). Most packaging is non-recyclable, or economically impractical to recycle, 
and quickly becomes land fill or is incinerated. This equates to tremendous quantities of 
practically eternal waste that is rapidly becoming a global environmental concern. 
Petroleum resources are finite and will only increase in cost as they are depleted, hence the 
need and market for polymers with good packaging qualities that are low cost, 
biodegradable, and generated from renewable resources.  
Biopolymers serve two key purposes as a base for thermoplastics; they are 
environmentally friendly, degrading in soil first into sugars and other organic compounds, 
and they are derived from naturally abundant regenerable resources. Thermoplastic starch 
biopolymers in particular are of growing interest within industry and society. 
Starch is the end product of photosynthesis in plants - a natural carbohydrate based 
polymer that is globally available from various natural sources including wheat, rice, corn 
and potato. Starch consists of two molecules, the essentially linear polysaccharide 
amylose, and the highly branched polysaccharide amylopectin. Starch is completely 
biodegradable in soil and water and any starch based polymer will be imbued with these 
properties. 
Several challenges exist in producing commercially viable starch plastics. Starch 
molecular structure is complex and partly non-linear, leading to issues with ductility. 
Plasticisers need to be found to create starch plastics with comparable mechanical 
properties to polyolefin derived packaging. Starch and starch thermoplastics suffer from 
the phenomenon of retrogradation, a natural increase in crystallinity over time that 
negatively impact material performance. Plasticised starch blends and composites and or 
chemical modification may overcome these issues, creating biodegradable polymers with 
sufficient mechanical strength, flexibility and water barrier properties for commercial 
packaging and consumer products.  
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The supra-molecular structures existing within starch materials are expected to contribute 
to decreased transparency, resistance to water vapour and gas transmission, processability, 
thermoformability, and mechanical properties, hence the need for robust and reproducible 
methods of starch characterisation using a variety of analytical techniques. If starch is to be 
modified by reaction then the reaction must satisfy a demanding set of requirements. These 
include the ability of the reaction to take place in water in an industrial extruder, 
production of non-toxic by-products, and rapidly reacting, non-toxic reagents. 
  
1.1 Scope 
This thesis investigates new methodology to create biodegradable, low cost starch 
thermoplastic polymers and composites, and characterize their mechanical properties. The 
overall research objectives include: 
1. To select reagents that can react with starch in the presence of water with reaction 
rates that proceed rapidly enough for polymeric reactive extrusion, and to perform 
the reaction under simulated processing conditions. 
2. To test the effect of plasticisers and cross-linkers on thermoplastic starch films and 
record the effect on mechanical properties. 
3. To establish and implement X-ray diffraction methods to rapidly measure the total 
ordering in a diverse range of starch materials, and identify and resolve the 
ordering into each of the formally recognised starch crystal forms. 
4. To create starch silica composites with enhanced mechanical properties using a 
reactive extrusion process. 
 
1.2 Structure of thesis 
This chapter begins with a brief introduction to biopolymer packaging, then provides the 
thesis objectives. Chapter 2 is a review of starch materials that describes a literature search 
of the topic. Chapter 3 presents the materials and methods used in the research. Chapter 4 
details X-ray methodology used for classifying starch materials and introduces a novel 
method for estimating the crystallinity of a starch film. Chapter 5 investigates the 
mechanical properties of starch films formed from various botanical sources. Chapter 6 
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examines the use of commercial reactive dyes to modify natural starches for enhance film 
mechanical properties and reduced retrogradation. Chapter 7 features the modification of 
starch through phosphorylation and the resulting changes in film mechanical properties. 
Chapter 8 explores the effect of a combination of plasticiser and cross-linker on 
thermoplastic starch film mechanical properties and creep recovery. Chapter 9 studies the 
effect of forming SiO2 in thermoplastic starch film in situ using an alkoxy silane precursor. 
Chapter 10 details final results and conclusions and a brief discussion of where research 
could be extended. A list of references is then followed by appendices. 
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Chapter 2: Literature Review 
2.1 Introduction 
Conventional polymers are usually made from petroleum resources such as polyolefins, 
and they are ideal for many applications such as packaging, building resources, 
commodities and consumer goods. Polyolefin-based plastics have become a foundation of 
modern civilisation and are low cost, durable, resistant to solvents, waterproof and 
resistant to physical ageing. The resistance of polyolefin materials to degradation by 
micro-organisms is both an advantage and in the long term a problem. It was estimated in 
2002 that some 41 %·w/w of total global plastic production  was used by packaging 
industries, with 47 % of that production being used to package foodstuffs [1]. Most oil 
derived packaging is non-recyclable, or economically impractical to recycle, and quickly 
becomes landfill, equating to a huge quantity of non-degradable waste. Microorganisms 
found in landfill soils are unable to degrade conventional plastics [2] and as a result they 
remain in the environment for a very long time [3]. This in itself has not been a huge 
concern until recently. Landfills are unattractive to residents living near them and new 
ones are costly and difficult to establish. Landfills are becoming filled to capacity with 
more waste generated every day due to continued expansion of human urban areas and 
population increases. Recycling plastics is one possible solution, and since the early 
1990‟s more and more plastic waste is subject to recycling across developed nations [4] 
[5]. Australia recycled 18.5 % (282,032 t) of total plastics collected in 2008 and 58.2 % of 
that amount was recycled here with the remainder exported for reprocessing [6]. Despite 
this admirable effort it still leaves a phenomenal amount of waste plastics. Recycling is not 
without its problems since often recycled polymers are contaminated resulting in inferior 
mechanical properties to feedstock created ones [7]. This reduces recycled feedstock 
desirability and hence the economic benefit to recycling [4]. Polymer waste can also be 
disposed of by incineration, but given the current political climate on greenhouse 
emissions this is becoming unfeasible. Incineration also produces harmful gasses and 
emissions, for example burning poly(vinyl chloride) (PVC) produces furans and dioxins 
[8]. Biological recycling is another alternative option, as recycled material forms a 
biomass that binds carbon for a longer period than incineration or mechanical recycling. 
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Biological recycling is commonly referred to as composting, where micro-organisms are 
able to degrade organic waste and the degradation products are returned into the natural 
carbon cycle [7]. It is not yet possible for synthetic or polyolefin plastics to be recycled in 
this way though many companies are trying to make their plastics „compostable‟ through 
chemical modification or blending with a natural polymer such as starch, poly(lactic acid) 
(PLA) or cellulose [9].  
Biopolymers are natural polymers or polymers made from renewable natural resources that 
are becoming increasingly important given the environmental impact of plastics in landfill 
and the rising prices of commodity polymers derived from oil. Biopolymers are fully 
degradable in soil, so they have attracted much research and attention in the past decade. 
Biodegradable polymers are defined as “those that undergo microbial induced chain 
scission leading to mineralization” [10]. ASTM standard D-5488 defines biodegradable 
polymers as “capable of undergoing decomposition into carbon dioxide, methane, water, 
inorganic compounds, or biomass in which the predominant mechanisms is the enzymatic 
action of micro-organisms that can be measured by standard tests, over a specific period of 
time, reflecting available disposal conditions”. The same ASTM covers degradable 
polymers that are oil-based, blended or modified and defines them as “able to break down 
through chemical reactions rather than the activity of micro-organisms, so they can 
degrade in an aerobic environment into water, CO2, biomass and trace elements”. A 
compostable plastic is defined as one that “undergoes degradation by biological processes 
during composting to yield carbon dioxide, water, inorganic compounds, and biomass at a 
rate consistent with other known, compostable materials and leaves no visually 
distinguishable or toxic residue”. To summarize, biodegradable plastics break down in the 
natural environment, but they may leave trace amounts of by-product or inorganic 
material. Degradable plastics can be polyolefin based but they do not break down in soil or 
natural conditions; they usually photo-dissociate, oxidize or require special conditions that 
may be separately classed. Compostable plastics are biodegradable polymers that produce 
no toxins or residues. ASTM standard D-5488 was withdrawn in 2002 and not replaced. 
The European standard EN 13432:2000 details requirements for compostable 
classification, however these materials differ from the ASTM definition. The European 
regulations require compostables or biodegradables to undergo 90 % biodegradation in 
180 d, the USA standard requires only 60 % biodegradation in 180 d. As yet Australia has 
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no further specific guidelines or standards as to these definitions, relying on the previously 
withdrawn ASTM standards. 
Biodegradable plastics fall into three categories; blends, composites and modified base 
materials. Blends are a mixture of two or more polymers made from different monomers 
mixed together and they may be miscible or immiscible, compatible or incompatible. An 
example of a blend is starch-poly(ethylene) (PE) materials, where PE is the dominant 
phase and starch is added so that the material may be classed as biodegradable. 
Composites are matrix polymers that have a filler or secondary phase dispersed through 
them, such as glass particles, silica, carbon or natural fibers. Nano-composite materials are 
similar to composites with the dispersed filler sized in the nano-domain. Common nano-
fillers include silicon dioxide, carbon allotropes and clays [11]. Modification of a base 
material is quite common and can be done in batch reactors or by reactive extrusion. A 
good example of this is the hydroxypropylation of starch (discussed later). 
Thermoplastic starch polymers are economically viable, classified as biodegradable or 
compostable, and can be produced from a range of native sources including wheat, rice, 
corn, potato, pea and tapioca [12].  
 
2.2 The structure of starch 
During the last two centuries the structure and nature of starch has been puzzled over and 
many theories and models have been proposed. The earliest investigators of starch 
proposed that it was composed of minute, transparent, spherical grains, built of uniform 
structural units, but as to the nature, size, shape and arrangement of these units, there was 
only speculation.  
In 1923 Sponsler published two papers on the fine structure of starch, both of which 
contain interesting historical summaries [13]; the following is taken from his report. 
„Raspail’s research in 1825 led him to think that starch grains were not crystallisation 
products [14]. Conversely, at the same time, Munter published that the grains must be 
crystals [15]. Nageli (1858) devised that the grains were made up of concentrically and 
radially arranged molecules, then later micelles, and at one time a chain of several 
thousand molecules [16]. In 1863 Kabsch considered the grains to have a very definite 
arrangement of molecules, though not very uniform [17]. In 1895 Meyer completed his 
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theory of sphero-crystal arrangements and believed starch granules to be built of radially 
arranged needle-like branching crystals, which become more and more branched as they 
approached the surface of the grain‟[18].  
Sponsler was the first to use newly developed (1920) X-ray scattering and diffraction 
experiments, combined with unit cell theory, to investigate starch structural units. He 
concluded that starch units (determined to be C6H10O5) form a „sort of spherical‟ lattice 
with a molecular weight of over 7000 g/mol [13]. In 1930 Katz examined a large number 
of natural starch sources with X-ray diffraction and noted that similar patterns emerged for 
cereal starches and again for tuber starches. He described them as being type A (cereal) 
and type B (tuber) and noted that some species of plant contained both (C type) [19]. In 
1937 Hanes proposed a helical structure for starch molecules, which supported earlier 
evidence of branching and the X-ray patterns upon which Sponslers‟ spherical lattice was 
based [20]. It wasn‟t until later in 1943 that Rundle and Edwards generated 
crystallographic evidence in support of a helical structure [21]. 
The most important breakthrough in starch structure came in 1940 by Meyer [22], when he 
and a colleague extracted a new material from maize grain, using hot water above the 
starch gelatinization temperature. There was only a slight amount of this new material but 
it had different physical properties to the maize starch. Through the use of methylation, 
degradation and end group analysis, the chains of this new material were determined to be 
short and linear whilst the remainder of the starch appeared long chained and branched. 
Meyer called the short linear compound amylose and the long branching compound 
amylopectin. Around 1950 Cori and Cori and Larner [23-25] were able to extract amylose 
via an enzyme, and quantitatively separate amylose and amylopectin respectively, 
supporting Meyers findings. In parallel during the same decade, Kneen and Spoerl [26] 
were experimenting with debranching enzymes and noted that there appeared to be two 
„types‟ of starch molecules present in granules, supporting Meyer‟s amylose and 
amylopectin. 
From 1950 to the end of the 1970‟s debate over the exact helical arrangement of amylose 
and amylopectin, granule packing and their spatial packing arrangements (A and B type) 
raged. Rundle originally reported maize B-type amylose as being an orthorhombic unit cell 
with 8 glucose units (C6H10O5) in two-fold helices with a cell volume of 1.56 nm
3
 [27]. In 
1951 Kreger supported Rundles orthorhombic unit cell. However Kreger believed it was 9 
glucose units in 3 threefold helices with a volume of 1.49 nm
3
 [28]. Spark (1952) agreed 
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with this volume, but only supported 8 glucose units in 2 four-fold helices [29]. In 1969 
Blackwell et all [30] suggested an orthorhombic unit cell, with 6 glucose units in 1 sixfold 
helix, and a unit cell volume of 1.50 nm
3
. The unit cell theory changed in 1972 when 
Kainuma and French provided evidence for a monoclinic arrangement consisting of 12 
glucose units in 2 double helices and a unit volume of 2.03 nm
3
 [31]. This was again 
disproved in 1978 by Cleven et al [32], and Wu and Sarko [33], with evidence of a 
hexagonal unit cell of 12 glucose units in 2 double helices and a volume of 3.08 nm
3
. 
Eventually in 1988 Imberty [34] re-visited the structure of B-type starch using advanced 
computer simulation and a unit cell containing 12 glucose units in two left handed, parallel 
double helices was accepted by peers. Imberty also commented that experimental evidence 
suggested that while differing in their helical crystalline arrangements, amylose chains 
were nearly identical in molecular arrangements in the A and B starch polymorphs. In fact 
Imberty, Chanzy and Perez [35] then went on to prove their theory and establish that 
amylose and amylopectin still form the same helical confirmations regardless of starch 
geno-type and only the packing of the helices differs. They concluded that the crystalline 
fraction of A type starch contains 12 glucose units located in two left handed, parallel 
stranded double helices, same as the B type arrangement, thus supporting Wu and Sarko‟s 
earlier exhaustive and groundbreaking assessments. Table 2.1 summarises the evolution of 
starch crystallographic data and its structure determination from 1944 to the present day.  
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Table 2.1: Evolution of starch crystallographic data from 1944 to present 
Evolution of Starch Crystal Data 
Year and Reference Unit Cell Dimension Volume /nm
3
 Unit Cell Content 
1944, Rundle et al. Orthorhombic 
a= 0.92 nm b=1.60 nm 
c = 1.06 nm 
1.56 8 glucose in 4 twofold 
helices 
1951, Kreger Orthorhombic 
a= 0.90 nm b=1.56 nm 
c = 1.06 nm 
1.49 9 glucose in 3 
threefold helices 
1952, Spark Orthorhombic 
a= 0.90 nm b=1.56 nm 
c = 1.06 nm 
1.49 8 glucose in 2 fourfold 
helices 
1969, Blackwell et al. Orthorhombic 
a= 0.91 nm b=1.59 nm 
c = 1.04 nm 
1.50 6 glucose in 1 sixfold 
helix 
1972, Kainuma and 
French 
Monoclinic 
a= 1.20 nm b=1.62 nm 
c = 1.05 nm 
2.03 12 glucose in 2 double 
helices 
1978, Cleven et al. Hexagonal 
a= 1.83 nm b=1.83 nm 
c = 1.05 nm 
3.03 12 glucose units in 2 
sixfold helices 
1978, Wu and Sarko Hexagonal 
a = 1.85nm b=1.85nm 
c = 1.04 nm 
3.08 12 glucose in 2 double 
helices right handed 
packing arrangement 
1988, Imberty and 
Perez 
Hexagonal 
a= 1.85 nm b=1.85 nm 
c = 1.04 nm 
3.08 12 glucose in 2 double 
helices   left handed 
packing arrangement 
 
 
Starch is now accepted to exist in three common allomorphs known as the A, B and V 
crystalline forms. There is also the C, which is a mixture of A and B. The A and B forms 
are both left handed double helices with six glucose units per turn, and they only differ in 
their helical packing arrangements. The A form has a monoclinic unit cell and the B has a 
hexagonal unit cell [36] (Figure 2.1). An interesting example of C type is found in wild 
pea starch, in which B type crystallinity is displayed in the centre of the granule and A 
type around the outside [37]. V type starch is actually a whole family of allomorphs which 
consist of single left handed helix often with a complexing agent found inside the helix 
channel [38]. V type crystals have also been found in high amylose and native starches 
[39], though they are more commonly detected after granule gelatinisation and starch 
molecule retrogradation, discussed later.  
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Figure 2.1: Starch crystal morphologies 
 
The difference in the X-ray diffraction patterns of A and B type starch are mainly 
associated with crystal symmetry and packing of helices with differences in association 
with water molecules. 
The packing and arrangement of helices within a starch granule is complex. Branched 
amylopectin molecules arrange themselves into alternating lamellae of rigid double helices 
and non-branched spacer units [40]. These spacer units are in turn connected to long 
flexible linear backbones of amylopectin. Because of this arrangement of flexible 
backbone, spacers and side-chains, Waigh et al [41] proposed a side-chain liquid 
crystalline model for starch in which he noted that amylopectin molecules self-assemble in 
water or plasticisers to form more ordered lamellar structure. Starch granules themselves 
have a layered structure, with alternating layers of crystalline and non-crystalline 
(amorphous) starch. The point of origin of a starch granule is called the hilum, and 
amylopectin molecules grow outwards from here, their growth controlled by different 
Page | 11  
 
enzymes that shape the granule [40] and determine water channel spacing. As discussed 
earlier, cereal or grain starches commonly display A type structures and tuber starches B 
type. Known exceptions are high amylose maize and barley starches which, above 49 % 
amylose, display B and not A patterns [42]. Recently Mukerjea et al [43] conducted a 
comprehensive experiment on the growth and formation of starch granules in vivo. In their 
findings they postulated that starch granules are formed by very small aggregates of starch 
synthase that build the kernel outwards by forming covalent intermediates and add D-
glucose from ADP-Glu (adenosine diphosphate glucose, an important plant nucleotide) to 
the reducing ends of the growing starch chains, which, as a result, extended outwards from 
the active synthesis sites. The forming chains are eventually branched by specific enzymes 
and then released from the active sites of the starch synthases by hydrolysis. The synthesis 
slows and ceases as the stock of ADP-Glu diminishes. Later the organism replenishes its 
supply of ADP-Glu and enzymes, and new starch chains are synthesized outwards in three 
dimensions from the former, small starch particles. This process repeats, building the 
granule as a layered structure, similar to an onion, and gives rise to the crystalline and 
amorphous interspersed features attributed to a starch granule [43]. Mukerjea then 
presented a polymer-biosynthesis outline, and was able to use SEM to show growth rings 
in a starch granule with the amorphous phase removed. The SEM image is taken from their 
paper and displayed in Figure 2.2. 
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Figure 2.2: Formation of starch granules and granular structure [43] 
It should be noted that the depositing of growth rings in starch was first postulated by 
French in 1972 [44] and re-investigated and confirmed by Donald in 1997 [45].  
Starch granules of different botanical origin vary in the amounts of helical and double 
helical chains and in the degree of inter- and intra-molecular chain associations which hold 
the molecules together and cause granular starch to be insoluble. A large amount of 
thermo-mechanical force is required to solubilise starch, and granules are not soluble in 
aqueous solution at room temperature, and may only remain sparingly soluble at high 
temperature. Potato starch is the most easily solubilised, be it in acid or organic solvents, 
followed by tapioca, waxy maize, maize, wheat, and rice [46].  
Starch solubility relies on gelatinization, a phenomenon that occurs when starch granules 
are heated in water above a particular (gelatinization) temperature. Though starch 
gelatinization has been known of in one form or other for centuries, it was Zobel who first 
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defined it as the „melting of starch crystals‟ as determined by X-ray diffraction. Prior to 
this gelatinization was only described in terms of differential scanning calorimetry (DSC) 
endotherms [47] [48]. Zobel found that upon heating in water, starch X-ray patterns 
disappeared, and that the water volume used to gelatinize the starch had a direct influence 
on the temperature at which the diffraction peaks disappeared. The higher the moisture 
content of the granule, the lower its gelatinization temperature. More important were 
Zobel‟s comments on the formation of V type crystal structures during and after 
gelatinization; “…. the presence of V in normal maize starches cannot be determined with 
certainty because of an overlap of diffraction lines. Hence, the appearance of a V structure 
under the conditions cited suggests its presence as crystal nuclei that then mainly require 
favorable heat and moisture conditions for development. The V structure is not only 
retained through the (high temperature) exposure but also exhibits further development 
during two additional 1 h exposures at 120 and 142 °C. After being held for 18 h at room 
temperature, the sample showed a well-formed V structure as well as B. The B structure is 
due to crystallization of an amorphous starch melt, which presumably is mainly 
amylopectin owing to complexing of the amylose with granule fatty acids. The "V" is due 
to complex formation between granule fatty acids and the amylose fraction, which is 
generally considered as being in the amorphous phase of granular maize” [49]. Many 
further studies on starch gelatinization have been conducted, and gelatinization is now 
commonly considered the thermal and mechanical disruption of order within the starch 
granule. Crochet et al supported findings that A type starch is less soluble than B [50] type. 
Baks et al [51] investigated the results from different methods of degree of gelatinization 
measurements including iodine, X-ray diffraction and DSC, and noted that each produced 
slightly different gelatinization end points and temperatures as each method exploits a 
slightly different physical phenomena. Palav [52] examined microwave assisted 
gelatinization, Debet [53] sought clarification into the gelatinization roles of granule lipid 
and protein interaction and Peng et al [54] used atomic force microscopy to view „nano-
unit‟ starch chain changes during gelatinization. When starch granules are suspended in 
water and heated, water enters the granular structure. Water is taken up more easily by the 
non-crystalline regions in the granule, which causes the granule to swell increasing in size. 
As more water fill the structures, helices begin to unwind. Eventually the granule swells so 
large that it loses mechanical strength, and with agitation, „bursts‟ releasing molecular 
amylose and amylopectin [55].  
Page | 14  
 
Over time, disrupted starch helices will reform. This process is named retrogradation. 
Retrogradation is a process of thermodynamic equilibrium during gelatinized starch 
storage at below melting temperature [56]. Starch molecules disrupted during 
gelatinization slowly re-coil into their native helical arrangements or new single V type 
helical conformations and reassociate to retrieve a crystalline order [57, 58]. It was soon 
discovered that the extent of retrograding observed in a gelatinized starch was subject to its 
botanical origin and amylose to amylopectin ratio [59]. Starch retrogradation has been very 
important in food chemistry, where it corresponds to staling, and texture changes in starch 
based foods [60, 61]. Retrogradation is largely a re-crystallization process, and to date has 
best been observed using X-ray diffraction and DSC measurements. Again Zobel [62] was 
instrumental in classifying retrogradation and in 1973 conducted X-ray experiments on 
staling bread, noting that “in the cereal starches, the A-pattern is lost during gelatinization 
and only the V-pattern is obtained owing to the formation of the amylose-lipid complex. 
On ageing, the B-pattern will develop, superimposed on the V-pattern. The intensity of the 
B-pattern increases with time”.  Gidley [63] later noted that „the A-type polymorph is the 
thermodynamic product, i.e. the most stable polymorph, and B-type is the kinetic product 
of amylopectin crystallization‟. Retrogradation is not a simple process, and it has been 
found that botanical origin, granule lipid and fat content, hydration level and amylose to 
amylopectin ratio can all affect the time and degree of observed re-crystallization. It is 
established however, that amylose molecules retrograde faster than amylopectin [64]. 
Retrogradation is considered undesirable in starch thermoplastic films. Crystallinity in a 
polymer means that it will be less flexible and will not deform under stress, but break [65]. 
Retrogradation in a starch thermoplastic causes it to brittle over time, reducing shelf-life 
and application potential.  
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2.3 Thermoplastic starch composites and blends 
Thermoplastic starches are beginning to show increased commercial use. There are many 
challenges still to be overcome in order to make commercially viable biodegradable and 
compostable starch polymers. Thermoplastic starch films generally need to have starch 
content greater than 70% to have biodegradable or compostable action [66]. High amylose 
starch is preferred for thermoplastic film formation. A comprehensive study by Myllarinen 
et al [67] showed that, while glycerol plasticised amylose films do retrograde and display 
slight B and V type diffraction patterns, their crystallinity remains stable over time and 
changes in humidity. Conversely, glycerol plasticised amylopectin films were initially 
amorphous, but over weeks displayed a steady increase in B type crystallinity. 
Interestingly, amylopectin films without plasticiser remained amorphous during ageing. 
Amylose films were also found to be more resistant to acid and water hydrolysis than their 
amylopectin counterparts [67]. Rindlav-Wrestling et al [68] examined the mechanical 
properties of amylose and amylopectin films and, prior to Myllarinen, noted the 
relationship between plasticiser and crystallinity in amylopectin films. Their conclusion, 
however, was simply that „the functional properties of amylose films are in general slightly 
better than those of amylopectin films regarding both film strength and barrier properties‟. 
Without the use of plasticisers, thermoplastic starch films are inherently brittle, but 
plasticised amylopectin systems display enhanced crystallinity and retrogradation. These 
observations, coupled with the better water barrier properties of amylose, have driven 
research towards high amylose content in starch thermoplastics.  
Thermoplastic starch films are typically plasticised or the starch itself is denatured or 
chemically modified to produce better mechanical properties. On top of this process, 
modified or thermoplastic starch can be blended with other polymers or fillers can be 
included, forming composites, to create a wide range of mechanical properties.  
As noted earlier, there are several common categories of thermoplastic starch materials: 
blends, composites and chemically modified starch systems. Chemical modification can 
include both the grafting of molecules onto starch backbones and chemical cross-linking.   
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2.3.1 Starch Plasticisers 
Thermoplastic starch plasticisers are generally hydrophilic, or must have polar groups to 
allow compatibility. Water is by far the best starch plasticiser and is required for 
gelatinization, but easily migrates from the polymer or evaporates due to a relatively high 
vapor pressure [69]. Glycerol is one of the most popular and well researched alternatives to 
water. It is a small, polar molecule that is able to enter starch water channels and has a 
high boiling temperature and vapor pressure. There is a plethora of literature as to the 
success of glycerol in starch thermoplastic systems [70-74]. Myllarinen et al [75]  
conducted an in depth study on the effect of glycerol as a plasticiser in both amylose and 
amylopectin films. They concluded that glycerol plasticized amylopectin films were more 
brittle than amylose ones. Amylose glycerol films performed best at and above 20% 
inclusion though were still brittle at 10%. Amylopectin films required more than 30% 
inclusion to create fluid-like film properties. Myllarinen et al noted that at low 
concentrations glycerol appeared to have an anti-plasticizing effect. Above the anti-
plasticization threshold (20% w/w for amylose films and 30% for amylopectin films) 
glycerol increased polymer elongation before break and lowered the glass transition 
temperature (Tg), the temperature at which a polymer goes from a glassy state to fluid 
properties. Depending on the water content used for gelatinization, glycerol was found to 
phase separate from water, leading to mechanical failure of films and generally poor 
properties [76]. Lourdin et al [77] were first to investigate the anti-plasticizing effect of 
glycerol and found that glycerol contents lower than 12% w/w in high amylose films 
resulted in a reduced elongation at break and unpredictable mechanical property defects. 
Godbillot et al [78] has recently finished an in-depth analysis of starch-water-glycerol 
interactions, including their effects at different humidity, and was able to construct a phase 
diagram nominating the conditions required for phase separation of water and glycerol, 
based on stoichiometric conditions, relative humidity, water content and vapor adsorption 
and composition. They found that low glycerol contents can be used to plasticise a film, as 
long as glycerol preferentially occupies water binding sites during film formation. Chang 
et al [79]  commented that anti-plasticizing effects were only noticed in films with low 
water content, and that in films with high water content glycerol behaved as a typical 
plasticiser. The exact interactions between starch-water-glycerol are as yet unknown and 
appear to differ between starch of various botanical origin, water content and processing 
conditions. The effect of low amounts of glycerol in a starch film is explored in Chapter 8. 
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Other small polyols such as ethylene glycol, sorbitol, maltose and xylitol have been 
successfully employed as starch film plasticisers [80-82]. Sorbitol behaves similarly to 
glycerol and exhibits an anti-plasticizing effect at low volume fractions (< 27% w/w) [83]. 
A large portion of starch plasticiser work has been conducted by Talja et al [84, 85] whom 
concluded that starch film modulus decreases with smaller plasticiser molecular weight, 
provided the volume is above the anti-plasticization threshold. The exception to this is 
xylitol, which can crystallize and has been observed to increase a starch film‟s Young‟s 
modulus. The use of polyols as a film plasticiser changes water sorption and transmission 
properties [85]. Sucrose has also been successfully utilized as a starch plasticiser, with 
Veiga-Santos et al [86] reporting improved elongation and reduced modulus in cassava 
starch films. 
High molecular weight polar polymers can also act as pseudo starch plasticisers, the most 
commonly employed being poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVOH). 
PEG inclusion in a starch film increases elongation whilst decreasing tensile strength, and 
water barrier properties, which results in a more flexible, softer water soluble film [87]. 
PEG is only suitable as a plasticiser for starch when used at a molecular weight below 
8000 g/mol, as above this molecular weight PEG and starch undergo miscibility changes 
resulting in PEG „pooling‟ with a net loss of plasticizing effect [88]. Whilst PVOH 
inclusion in a starch film is technically a blend, and thus will be discussed in another 
section, it does have a small plasticizing effect, increasing film elongation and flexibility 
[89].  
Many new and novel plasticisers have also been proposed and tested in thermoplastic 
starch systems. Ma et al [90, 91] trialed and reported on the use of both formaldehyde and 
urea as a starch plasticiser, generating good results with improved elongation and 
mechanical properties as well as a decrease in observed retrogradation when compared 
with a control material. Yang et al [92] reported the successful use of ethylene-
bisformamide as a plasticiser for corn-starch based films, and an inclusion of 30 % by 
volume increase in elongation at break up to 264 %. This work was expanded on by Dai et 
al [93] who were able to plasticise starch with N,N-bis(2-hydroxyethyl)formamide, 
showing a decrease in film glass transition temperatures and removal of X-ray diffraction 
crystalline features. At low humidity, the elongation at break was comparable with an 
equivalent volume of glycerol and at high humidity the elongation was superior.  
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2.3.2 Starch Blends 
A blend is two polymers of different molecular or monomer constitution mixed together in 
any ratio. Blends can span from completely compatible to incompatible, and blend 
morphology is subject to a large number of factors from compatibilisers, kinetic and 
equilibria phenomenon through to annealing and shear application during processing [94].  
The inclusion of starch enhances the biodegradability of synthetic polymers, mainly due to 
an increase of exposed polymer surface created as micro-organisms consume the starch 
phase [95]. There is a large amount of literature on starch blends; common inclusions are 
poly(lactic acid) (PLA), poly(vinyl alcohol) (PVOH), polyethylene (PE), polyurethane 
(PU), poly(3-hydroxybutyrate) (PHB) and various other polyesters.  
PLA has received enormous attention as a biodegradable polymer alternative as it is 
completely biodegradable with good mechanical properties; however it suffers from high 
cost. Conversely starch is low cost and biodegradable, so blends of the two are promising 
to provide cheap bio-materials. A hindrance is that PLA is hydrophobic and starch is 
hydrophilic, so blending leads to poor miscibility and component adhesion [96]. Ke et al 
[97], Park and Im [98] and Martin and Averous [99] have all reported on the extrusion of 
native starch PLA blends. All found that a low level of compatibility existed, regardless of 
water content, and that material elongation decreased as starch content increased and an 
overall phase separation between the two materials took place. In order to overcome this 
inherent immiscibility many compatibilisers have been trialed, including 
methylenediphenyl diisocyanate [100], dioctyl maleate [101], poly(vinyl alcohol) [102] 
and poly(hydroxyester-ether) [103]. Though many compatibilisers have been trialed, the 
most commonly used and reported as being successful remains maleic anhydride [104].  
PVOH has become common in starch blends; it is water soluble, low cost and can be 
obtained in a variety of molecular weights. Starch PVOH blends has been proven to have 
better tensile strength and elongation than unadulterated starch films, and the blend ratio 
and PVOH molecular weight can be adjusted to create desired mechanical properties [105, 
106]. An undesirable trait is that PVOH inclusion reduces the biodegradation rate [107]. 
Recently Shi et al [108] reported on the effect of citric acid inclusion in starch PVOH 
blends. They found that the citric acid was able to crosslink with starch and, to a much 
lesser extent, PVOH. A small inclusion of citric acid (5%) increased tensile strength and 
decreased elongation but when a large (30%) amount was added elongation at break was 
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improved twofold. This was attributed to free citric acid disrupting starch hydrogen 
bonding and helical arrangement, giving a plasticising effect. This is in direct contrast to 
most cross-linkers, which increase tensile strength and decrease elongation by reducing 
molecular chain movement. Yin et al [109] observed the effect of boric acid crosslinkers 
with starch PVOH blends and as expected as the content of boric acid increased elongation 
decreased. Film transparency and tensile strength peaked at around 1.5 % inclusion. Boric 
acid was reported to increase compatibility between the starch and PVOH, which led to the 
improved transparency until too much crosslinking occurred creating an increase in 
average molecular weight.  
Polyethylene and polypropylene starch blends have gained interest during the last three 
decades, and they appear to be a response to the desire for companies to have „renewable 
content‟ in their plastics for marketing purposes. St-Pierre et al [110] reported on the 
extrusion blending of glycerol, starch and linear low density polyethylene without the use 
of an interfacial modifier. Despite the fact that combining two immiscible phases generally 
leads to poor mechanical properties, they observed an overall increase in starch–PE 
elongation and ductility. In 2009 Taguet et al [111] reported that glycerol itself has an 
interfacial effect between PE and starch, and that a thin glycerol rich layer is formed at the 
PE–starch interface. This layer is mutually miscible with both phases and leads to 
enhanced compatibility and mechanical properties. They concluded that the best 
mechanical properties from a starch–PE blend would be obtained using a small amount of 
glycerol and another compatibiliser. Yoo et al [112] reported on the use of maleic 
anhydride as a PE starch compatibiliser. Through SEM imaging and mechanical analysis 
they confirmed that maleic anhydride enhanced interfacial blend adhesion. Maleic 
anhydride is now commonly employed as a compatibiliser and is known to be able to graft 
to PE chains under extrusion conditions [113]. Chemically modified starch, maleic 
anhydride and PE blends have been trialed and demonstrate elongation and tensile strength 
similar to pure PE control films [114]. Ning et al [115] recently reported on the use of 
glycerol and citric acid as a compatibiliser for starch–PE blends. They found that a 2% 
inclusion of citric acid not only compatibilised the blend but gave an increase to film 
elongation at break by 1240% with respect to a zero citric acid control. Starch–PE blends 
biodegrade at a considerably faster rate than pure PE films [116] and they are slowly being 
introduced into global markets.  
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Starch–polyurethane (PU) blends have been reported with mixed success. Seidenstucker 
and Fritz [117] observed that a 50:50 blend could produce good biodegradability and 
mechanical properties. Lu et al [118] succeeded in creating starch–PU blends from water 
borne polyurethane. Partial to good miscibility was observed and starch–PU blends had 
better mechanical performance than their starch counterparts as well as improved water 
barrier properties. 
Starch poly(3-hydroxybutyrate) (PHB) blends are less common, due to high cost. Godbole 
et al [119] commented that its high cost has meant that its application has been restricted to 
high value medical products, though it has near 100% biodegradability in soil. They 
reported a successful blending of starch and PHB into films noting that the best properties 
were obtained in a 30:70% ratio and suggested blending as a good method of cost cutting. 
Reis et al [120] blended maize starch with various amounts of PHB-hydroxyvalerate 
(PHB-HV). The Young‟s modulus, strength, strain to break and puncture force were all 
observed to decrease with an increase of starch content, and results suggested that starch 
and PHB-HV were partly immiscible. Again however the authors noted that the PHB-HV 
blend had the potential to reduce PHB costs thus making commercial application feasible. 
Starch aliphatic polyester blends typically have starch as the secondary phase. Starch is 
included to 30% to aid biodegradability, lower cost and still allow for processing in 
extrusion or blown film lines [121]. Mani et al [122] reported that polyester injection 
moulding products with as much as 70% starch content retained the good mechanical 
properties of the particular pure polyester used. The blending of starch polyester required a 
compatibiliser, typically an anhydride. Results were largely dependant on the polyester 
used in the experiment and a large number of different polyester formulae were used [123]. 
Poly(hydroxyalkanoate)s (PHA) are a family of polyesters derived from a variety of 
micro-organisms. Interest in bacterially synthesised PHA is growing and PHA is predicted 
to become important in future biopolymer blends including starch [124].  
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2.3.3 Starch Composites 
The term composite refers to matrix polymers that contain dispersed conventional filler, 
such as glass, fibres, talc or clay particles. Polymers with fillers that are nano-sized in scale 
are named nano-composites. The properties of a composite depend on the volume fraction 
of the filler, its shape, size and interfacial adhesion [94].  
There is a much literature concerning starch composites, and the most successful and 
reported composites are those using nano-clay, natural fibres and silicates. 
Starch clay composites have been at the foreground of recent starch composite literature, 
and there are many claims of enhanced composite mechanical properties over pure starch 
films. In 2001 Carvalho et al [125] wrote an article on thermoplastic starch and kaolin 
composites. They reported a large increase in modulus with the addition of kaolin, and 
commented on the importance of proper dispersion of the clay phase. In late November of 
the same year, Wilhelm et al [126] reported on the effects of mineral clay on a starch 
glycerol film and found that a 30 % clay inclusion caused the film modulus to increase by 
70 %. Wilhelm et al also discussed the measuring of clay intercalation (the dispersion and 
separation of clay platelets) using X-ray diffraction and infrared spectroscopy. This 
sparked huge interest and journal articles began to proliferate over the next decade. Avella 
et al [127] successfully created starch clay nanocomposites using montmorillonite, potato 
starch and polyesters for food packaging applications and claimed to have achieved 
complete intercalation. Chen and Evans [128] examined clay nano-composites of glycerol 
plasticised starch using montmorillonite and hectorite. The nano-composites presented 
greater increases in modulus for a given volume fraction of clay. Similarly Dean et al  
[129] melt-extruded starch clay nano-composites, and experimented with different mixing 
methods to achieve superior intercalation including ultrasonic dispersion, dry blending and 
solution mixing. It was demonstrated that some cationic exchanges took place between 
plasticiser and clay. Exfoliated (full dispersion with separation of clay platelets) clay was 
only found when the ratio of clay, water and starch was optimised. Tang et al [130]  
conducted a detailed study on the effects of plasticisers on clay exfoliation in starch 
composites, and found that a small amount of glycerol (5 %) gave a higher degree of 
exfoliation. It was concluded that, due to the strong dipole–dipole interactions between 
starch, plasticizer, and clay surface, the balance of the interactions between them might 
control the formation of nanocomposite structure. Magalhaes [131] reported on melt 
extrusion of starch clay composites using cloisite and a typical corn starch. Cloisite was 
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reported to reduce retrogradation and enhance water barrier properties. Soil burial tests 
showed that organically modified clays such as organophilic, cation exchange enhanced 
cloisite, could enhance biodegradability. Chung et al [132] created exfoliated and well 
dispersed starch–clay composites by adding diluted clay to a solution of starch followed by 
co-precipitation using ethanol. The results showed an increase in modulus and strength 
without a decrease in elongation at break. Recently Chivrac et al reported on the successful 
creation of starch nano-composites using needle like fillers derived from sepiolite clays. 
Material stiffness was also observed to increase without decreasing properties at break 
[133]. Good dispersion, control of water content and suitable plasticisers have been 
commented on as being the greatest challenges in starch clay composites [134].  
The preparation of starch composites with natural fibres has been of commercial interest 
for some time. If a natural fibre is used products remain biodegradable and non-toxic. 
Cellulose and chitosan starch blends have much literature associated with them. They are 
both abundant and low cost, renewable, biodegradable and non-toxic [135]. Both are 
miscible with starch, but mechanical properties tend to depend on the blend ratios [136]. 
Martins et al [137] recently reported on starch thermoplastics reinforced with vegetable 
and bacterial produced cellulose. Good dispersion and interfacial adhesion was noted, and 
the film modulus increased whilst elongation decreased with cellulose inclusion. Chang et 
al [138] produced nano-composites using cellulose and glycerol plasticised starch with 
enhanced water barrier properties and tensile strength. The general consensus is that 
cellulose–starch composites have better tensile strength, but lower elongation, though 
cellulose makes starch films more stable in high humidity environments [139]. Chitosan 
starch composites are known to behave similarly, though Xu et al [140] reported that a 
small addition of <1 % can increase elongation. Over this threshold elongation readily 
declines. Too much chitosan induced a phase separation, though chitosan addition 
improved water vapour permeability properties [136]. Other starch natural fibre 
reinforcements have been trialed: Liu et al [141] experimented with bamboo fibre, and 
noticed fascinating crystal convergences into „flower geometry‟ though results were 
atypical of cellulose inclusion. Johnston et al [142] reported on the use of Miscanthus 
giganteus fibres in starch composites which enhanced puncture and impact resistance. 
Ochi [143] trialed hemp fibre reinforcement in a starch based resin with good results and 
Vilaseca et al [144] have reported on starch polymer jute strand composites which display 
increases in strength and Young‟s modulus. 
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Polymer silica composites are not a new idea, and there have been many reports of the 
improvement in mechanical properties of polymers that contain silica as filler. The use of 
SiO2 has been shown to enhance mechanical properties in many different polymers, 
including acrylonitrile-butadiene-styrene (ABS), poly(butylene terephthalate) (PBT), 
poly(ethylene) (PE), poly(methyl methacrylate) (PMMA), styrene butadiene rubber (SBR) 
and  poly(tetrafluroethylene) (PTFE, Teflon) [145-150]. 
Thermoplastic starch properties also appear to benefit from silica addition. Tang et al [151]  
have reported that inclusion of dry powder SiO2 particles in starch PVOH films increased 
tensile strength at break and improved water barrier properties. Xiong et al [152] have 
reported improved mechanical properties, transmittance, and water resistance of starch 
films containing nano-SiO2 particles. Wu et al [153] monitored the effect of silica nano-
particles on starch film wear and abrasion characteristics, reporting that an inclusion of 3 
to 4 % greatly improved wear characteristics and tensile strength. Starch silica composites 
have only gained interest in the last few years and the in-situ formation of SiO2 in a starch 
matrix is detailed in chapter 9 of this thesis.  
 
2.3.4 Starch reactions and modification 
The modification of native starches continues to attract the attention of researchers for 
applications as biodegradable packaging materials. The most important reactive process in 
starch film processing to date is hydroxypropylation. Hydroxypropyl (HP) starch is a 
chemically modified starch with a wide range of applications. In HP starch part of the 
hydroxyl groups of the glucose monomers have been converted into -O-(2-hydroxypropyl) 
groups. This type of reaction is usually done in a batch or continuous stirred tank reaction, 
although it can be accomplished by reactive extrusion [154]. HP starches have enhanced 
solubility, low gelatinisation temperatures, low retrogradation and crystallinity and 
superior mechanical properties when compared with native starches [155-157]. HP 
starches are completely biodegradable [114], and are commonly found in food packaging 
and film industries. The amylose content and HP modification of native starches have been 
demonstrated to have a significant effect on their extrusion characteristics [158].  
Reactive extrusion provides a means of modifying a natural starch or compatibilising a 
blend in a one-step process. Extruders provide favourable conditions for chemical 
reactions; heat, shear, mixing and pressure. Reactive extrusion has produced the following 
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starch modifications: Fang et al. created a series of starch esters each with differing 
mechanical properties [159]. Carvalho et al [160] modified starches using carboxylic acids 
with good efficiencies. Wang et al [161] produced starch succinates with a high degree of 
substitution using succinic anhydride and sodium bicarbonate. O‟Brien et al [162] created 
starch phosphates for use as a sustained release agent and there are many other examples in 
literature.  
Another chemical reaction used to alter the mechanical properties of starch materials is 
cross-linking. Cross-linking is a common approach to change polymer properties and 
involves the chemical bonding of an intermediary across polymer molecular chains and 
networks. The decrease in molecular chain mobility caused by cross-linking usually raises 
modulus and strength, whilst reducing ductility [94]. Reddy et al [163] cross-linked starch 
using citric acid and reported an improvement in film tensile strength, thermal stability and 
water dissolution. Yin et al [109] used boric acid as a cross-linking agent in PVOH starch 
blends to modify film water adsorption characteristics with good success, reporting a 
longer time interval per volume of water uptake. 
The actual processing of various starches in an extruder has been a topic of interest, and 
recently Chaudhary et al [158] produced a comprehensive review on the effects of amylose 
content and chemical modification on extrusion. Die pressure, torque and screw speed 
variables were all taken into account for the processing of various modified and natural 
starches. “Starch with low amylose content gave lower torque values, die pressure values 
and was subjected to a reduced amount of mechanical work… processing 
hydroxypropylated 80 % amylose starch was substantially different to unmodified 80 % 
amylose starch. Modification due to hydroxypropylation of the starch affects its 
gelatinisation behaviour (increased interactions with water molecules) which in turn can 
result in a lower viscosity. The findings showed that both amylose content and the 
hydroxypropylated starch have a significant impact on extrusion processing”. Extrudates, 
including starch, suffer from anisotropy and the mechanical properties in the direction of 
film extrusion differ from those in the transverse direction, due to the partial alignment of 
molecules as the extrudate exits the film die [164]. The challenge of extruding starch into 
film or pellet is complex and will be addressed in various later sections of this thesis.  
Thermoplastic starch can also be formed into films on conventional blown film lines. Film 
blowing consists of the extrusion of a polymer through an annular slit die, usually 
vertically, to form a thin walled tube. Air is then introduced to inflate the tube and blow it 
Page | 25  
 
into a balloon. As the balloon is cooled and solidifies it is cut into film. Processing 
conditions vary based on the amount and type of plasticiser used and in simple starch 
glycerol systems sticking or tackiness of the film mixture can cause problems [165]. 
Recently Zullo et al [82] published an article on the formability of blown films from 
various starch sources and plasticisers. They reported that starch plasticised mixtures can 
be engineered to produce good elongation viscosity and hence are viable for blown film 
production. Mixture tackiness issues were addressed and final films had good properties 
with no plasticiser migration. 
Current research into starch based bio-plastics is flourishing, with international efforts to 
produce films for packaging, thermoforming and food products. Thermoplastic starch 
blends and composites offer mechanical properties similar to those of polyolefin derived 
plastics but with enhanced biodegradability. Research is tending towards chemical 
modification and grafting of other natural and synthetic polymers onto high amylose starch 
backbones. This approach, combined with the use of conventional plasticisers, allows for 
the tailoring of mechanical properties of starch films for any application, providing 
renewable and biodegradable and compostable products.  
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2.4 Analytical Instrumentation 
Throughout this thesis reference is made to a number of mechanical and spectroscopic 
analytical techniques. The following sections detail some of the instrumentation theory and 
methodology associated with thermoplastic starch film characterisation.  
 
2.4.1 Extrusion 
Extrusion is a polymer processing technique that can be used for the continuous production 
of polymers, blends or composites. Extruders themselves are machines that melt and shear 
a polymer stock or pellet and then force the molten product through a die that shapes and 
compresses it, usually into a film. The basic configuration for a single screw extruder is 
shown in figure 3.1. Extruders consist of a hopper (polymer stock feeder), a heated barrel 
which contains a motor driven screw, a breaker plate and a die [166]. These components 
make up extruder zones, labelled feed, compression (melting, gelatinisation, mixing) and 
metering (uniform melt conveyed to die). 
 
 
 
 
Figure 2.3: Schematic of a single screw extruder [167] 
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Any conventional extruder consists of temperature zones, specific sections of the barrel 
that can be heated and held at a desired temperature. Thermocouples placed at regular 
intervals along the barrel provide feedback to maintain a constant temperature. Some 
extruders also feature a water jacket throughout the barrel that can be used for rapid 
cooling or to help maintain temperature. Extruder motors vary in torque capacity 
depending on the barrel length of the extruder and the size of the screw. The extrusion 
screw is what provides polymer shear and compression. Screws have grooves and cuts to 
facilitate different operations throughout the barrel. Typically in a single screw extruder, 
the first screw fletching or sections are used for feeding a solid into the melt stage. This 
leads into a different screw profile that ensures melting and compression which is then 
passed into a pumping or metering section that feeds the die. Screws can be specially made 
to suit any polymer application and can be formed from a large number of alloys and steels 
depending on the pH and chemicals they will be subjected to. Screw profiles and fletchings 
are cut at particular angles and sweep rates for their purpose (Figure 3.2) [166]. 
 
 
Figure 2.4: Example of a single screw profile [168] 
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Just before the die is the breaker plate. This is a plate with holes that provides screw back-
pressure and creates an even flow rate of melt into the die, as well as the important 
function of eliminating the rotational movement of the melt, by converting it to a forward 
motion only. This stops the melt from emerging from the extruder as a corkscrew shape. 
Extruder dies are plates of metal with channels cut through them to direct polymer flow. A 
typical die cross-section is displayed in Figure 3.3.  
 
Figure 2.5: Cross-section of an opened die [168] 
The die has an adjustable lip at the end of the land region that allows the user to create 
more pressure and alter film gauge.  
A twin screw extruder works according to the same principles as a single screw; the 
difference is that a twin screw has two co-rotating intermeshed screws in the barrel. Twin 
screw extruders are more expensive, but offer better mixing, greater shear and higher die 
pressure.  
Figure 3.4 shows the configuration of three typical twin screw setups, intermeshing 
counter rotating (a), intermeshing co-rotating (b), and non-intermeshing counter rotating 
(c). Twin screw extruders also typically have a screw spline over which screw elements 
can be fitted (Figure 3.5). In this manner, screw profiles can be custom assembled from 
screw sections to suit polymer processing requirements.  
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Figure 2.6: Common types of twin screw extruders, intermeshing co-rotating (a), intermeshing 
counter rotating (b) and non-intermeshing counter rotating (c) [168] 
 
Figure 2.7: Example of screw elements fitted to screw spline 
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2.5 X-ray Diffraction 
X-ray diffraction makes use of wave phenomena to measure the atomic spacing of 
materials. All (solid state) crystalline materials adopt a regular arrangement of ions or 
atoms in space. If X-rays are passed through these „ordered‟ materials, diffraction may 
occur, and the incoming radiation is reflected from the individual planes of atoms at 
special angles θ (Figure 3.6, diffraction theory). [169] 
X-ray diffraction thus offers structural information on crystalline and semi-crystalline 
solids, providing a means of identifying and differentiating between crystalline structures 
that are present in a sample. X-ray diffraction provides a method for gaining structural 
information based on a materials inter-atomic spacing and structural regularity.  
 
2.5.1 Diffraction Theory 
The scattering of X-rays by a crystal plane is defined by Bragg‟s Law, which is derived 
from optical models of light, dependant on constructive and destructive interference.  
 
 
Figure 2.8: Theory of diffraction between two crystal planes [170] 
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The incoming X-rays reflect at points A and B to produce in-phase (constructive 
interference) diffracted X-ray beams, provided that the extra distance travelled by the X-
rays leaving point B are an integral (whole) number of wavelengths and that the angle of 
incidence is always equal to the angle of reflectance. The path difference BD and DC 
depends on the lattice structure or interlayer spacings (d). X-ray photons deflect or are 
scattered as a result of their interactions with the electrons of atoms within a sample.  
For an integral (whole integer) wavelength path difference the relationship between  and 
d can be derived as: 
 
Path difference (n) = BD + DC = 2d(hkl) sin;   (Equation 2.1) 
n= 2d sin  (Braggs Law)      (Equation 2.2) 
 
Each crystalline structure provides a unique and characteristic X-ray diffraction pattern, 
which can be used as a „fingerprint‟ when identifying the crystalline compound or 
structure that the diffraction pattern represents.  
 
2.6 X-ray Instrumentation  
 There are five main components of any X-ray diffraction instrument; an X-ray source, 
Goebel mirrors, collimators, sample stage and detector [169].  
 X-ray Source 
The X-ray source of any diffractor operates at a fixed wavelength, so as to remove 
a variable from the Bragg equation. Typically, X-ray sources use copper filaments 
with a characteristic emitted radiation wavelength of 1.548 Å. 
 
 Goebel mirrors 
Goebel mirrors are specially fabricated parabolic mirrors that reflect the X-ray 
source and focus it into a more coherent beam. Use of these mirrors ensures a 
sample experiences a greater intensity of the primary X-ray beam.  
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 Collimators 
Collimators direct and filter the incoming X-ray source beam so that only photons 
travelling parallel to the desired destination are let through. Without collimators the 
sample will receive X-ray photons from a large number of angles, reducing final 
spectra resolution.  
 
 Sample stage 
The sample stage is the mounting point for the particular material under analysis, 
and is instrument specific.  
 
 Detector 
There is a wide variety of available X-ray detectors, ranging from scintillation 
counters to solid state devices. Simply put a detector registers an electric voltage or 
current when struck by an X-ray photon. Detector resolution is usually measured in 
pixels, or how many „points‟ of detection are available and can be registered. A 
computer is used to convert signals from the detector into a diffractogram or 
diffraction pattern. The earliest detectors were photon sensitive films.  
 
2.7 Powder Diffraction 
Powder diffraction works on the theory that if a sample is made into a powder it will have 
an infinite number of micro crystals which will adopt (randomly) every possible 
orientation. An X-ray striking the sample will therefore be diffracted in all possible 
directions as governed by Bragg‟s law. This has the effect of forming a „cone‟ of 
diffraction, as each crystal in the sample gives a diffracted beam at a specific angle, giving 
a point in space. There will of course be a large number of these maxima points which, 
when considered as a whole, give all possible orientations of the family of crystal, forming 
the „cone‟ (see figure 3.7).  
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Figure 2.9: Formation of a diffraction cone 
CD represents a particular family of planes in the crystal that satisfy the Bragg‟ equation 
(equation 2) and part of the incident X-ray beam is reflected along AX. Similarly, a family 
of the same planes orientated along EF reflects the beam along AY. There are also every 
other possible orientation of reflection by these planes around θ, forming a cone of 
diffraction. For a sample containing a variety of crystals of different d values a series of 
concentric cones are formed. These cones travel in the same direction as the incident beam 
and are called forward directions.  
In powder diffraction a specimen is mounted on a turntable which a detector moves around 
(Figure 3.8).  
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Figure 2.10: Typical powder diffraction setup. 
An X-ray detector (Geiger or Scintillation) scans around the sample, taking small steps to 
cover every angle possible, recording maxima. The detector „cuts‟ across the cones at 
various angles and diffraction maxima. These maxima points are then plotted against angle 
(2ºθ), giving rise to spectra (Figure 3.9). 
 
 
Figure 2.11: Typical powder diffraction spectra. 
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As stated previously, each crystalline solid has a unique characteristic X-ray powder 
pattern which may be used as a "fingerprint" for its identification. Both the 2θ value and 
peak intensity are directly related to the spacing between crystal planes in a solid, and unit-
cell structure or „crystal class‟. Intensity can be affected by many variables however, and 
for multi-component crystalline solids intensity may not be indicative of component 
concentration. Powder diffractometers require a liberal amount of sample to function.  
 The diffraction measurement in a conventional powder diffractometer is confined within a 
plane, as a point detector scans along a detection circle. The actual diffraction pattern 
measured by a conventional diffractometer is an average over a range defined by beam 
size. Since the diffraction data out of the diffractometer plane is not detected, the materials 
structure represented by the missing diffraction data will be ignored, and this is why 
powder diffraction samples require rotation [169]. 
 
2.8 General Area Diffraction Detection System (GADDS) 
The GADDS is a high performance micro-diffraction system coupled with a two-
dimensional (2D) detector. The GADDS uses a monochromatic X-ray beam that strikes a 
target mounted on a movable XYZ stage and diffraction patterns are recorded on a large 
wide-angle detector (see Image 3.5). 
Unlike a powder diffraction system the GADDS detector does not scan through an angle 
range during sampling. The detector and sample stage angles are set manually, and 
depending on detector path length, usually only provides a narrow 2 range.  
The GADDS is capable of measuring maxima in a similar manner to a Debye-Scherrer 
camera, and whole diffraction „cones‟ are recorded which can then be integrated in a 
variety of different ways to create a spectrum.  
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Image 2.1: GADDS instrument 
The GADDS two-dimensional detector means diffraction is no longer limited in the 
diffractometer plane. Depending on the detector size, distance to the sample and detector 
position, the whole or a large portion of the diffraction rings can be measured 
simultaneously (Figure 3.10). Figure 3.11 shows the diffraction pattern on a two-
dimensional detector compared with the diffraction measurement range of a scintillation 
detector (Bruker 2006). 
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Figure 2.12: Measurement of a diffraction cone using a General Area Diffraction Detector [171] 
 
Figure 2.13: Difference between diffraction detection methods [171] 
The nature of the GADDS system means that very small samples can be examined and 
mapped using pin-hole collimators. Specific points on a sample can be targeted and 
identified. The detector eliminates the need for sample rotation and orientation and small 
sample quantities can be used. The GADDS micro-diffraction system gives fast, accurate 
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results that can then be processed with software to give crystal structure information and 
component identification [169].  
GADDS is ideally suited to forensic applications, being able to examine small samples and 
points of interest with little to no analyte preparation. Structural information can be 
overlaid, examined and stored for future reference.   
 
2.9 Transmission X-ray scattering 
X-ray scattering is similar to GADDS in that it uses a two dimensional detector. In a 
scattering experiment the sample is placed in a linear path between the X-ray source and 
detector. Incident X-rays pass through the sample where they are scattered by interactions 
with crystal planes and form a diffraction pattern on the detector (Figure 3.12). Unlike the 
GADDS system, the detector receives the entire symmetrical Debye-Scherrer camera type 
diffraction pattern, not just a part of the „cone‟ of diffraction. X-ray scattering can be used 
for both small angle and wide angle experiments, the „angle‟ is defined by detector to 
sample distance. The closer the detector to the sample the greater the diffraction cone 
recorded and hence the larger the integrated 2θ range. A long distance between the sample 
and detector results in a smaller recordable 2θ range. Experiments with recorded 2θ ranges 
of less than one degree are considered to be small angle. Small angle X-ray scattering 
(SAXS) scattering measures dimensions between molecules rather than between atoms. 
SAXS can be used to determine the size, size distribution, orientations and structural 
arrangements of macromolecules or precipitants in bulk material [169]. 
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Figure 2.14: Schematic diagram of a X-ray scattering experimental setup 
A crystalline solid consists of regularly spaced atoms (electrons) that can be described by 
imaginary planes, the distance between these planes is known as d spacing. Wide angles 
X-ray scattering can be very useful in monitoring changes in d spacings within a polymer 
that is subjected to mechanical stress or chemical modification. X-ray scattering 
experiments are still plotted as an integrated intensity vs. 2θ, though the whole diffraction 
pattern is integrated, unlike powder diffraction.  
 
2.10 X-ray Fluorescence 
X-ray fluorescence analysis is a rapid, non-destructive, qualitative and quantitative method 
of determining elements in solids and liquids. With conventional instruments, it is based 
on the measurement of wavelengths and intensities of X-ray emitted by a sample when 
excited by the rays from a primary X-ray tube. XRF is essentially a surface technique, 
since the primary beam does not penetrate very far into a specimen, typically around half a 
millimeter for lighter elements such as aluminium [172]. 
According to Bohr‟s model, an atom‟s nucleus is surrounded by electrons that are 
constantly oscillating in defined shells. The energy associated with the electron, and hence 
its bonding strength to the atom is dependent on the „shell‟ it occupies. A discrete amount 
of energy (quanta) is required to remove an electron from its specific shell. This amount of 
energy varies between shells, with the K (innermost) shell requiring the largest quanta of 
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energy to excite and release an electron. By comparison it requires far less energy to excite 
an L or M shell electron.  
In XRF, incoming X-ray radiation has sufficient energy to excite and eject an inner shell 
electron. To fill the resulting „hole‟, an electron from a higher valence shell can drop down 
into the vacancy with a release of energy (Figure 3.13). The energy released in this 
transition can be emitted as a photon (X-ray) or transferred to eject another electron. The 
energy associated with the ejected secondary photons is characteristic of the shells in 
which the transition occurred, and hence of the element (atom).  
 
 
Figure 2.15: Principle theory of XRF, electron ejection and photon emission. 
In XRF nomenclature, K radiation is the term given to the release of energy that occurs 
when a K-shell electron is ejected and filled from a higher L,M, or N shell. L radiation is 
from a electron filling a hole in the L shell. The orbital that the filling electron is coming 
from is described using greek letters, α, β. Alpha and beta merely describe the next 
available quantum number corresponding to valence shell from which an electron is 
ejected. 
 Kα radiation occurs when a K shell electron is ejected, and a L shell electron fills 
the gap. 
 Kβ radiation occurs when a K shell electron is ejected, and a M shell electron fills 
the gap. 
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 Lα radiation occurs when a L shell electron is ejected, and a M shell electron fills 
the gap. 
In order to excite all the different atoms present in a sample, XRF uses a high energy, 
broad wavelength source. To create a usable spectrum, secondary photons are diffracted 
through a crystal of known d spacings. The diffraction is again described by Braggs‟ Law; 
 
n λ =2d Sin θ    (Equation 2.3) 
 
Where n is the whole number of wavelength (constructive interference), d is the spacing 
between lattice planes in a crystal and θ is the angle of incidence of radiation. Therefore, 
by recording the angle at which diffraction of secondary photons occurs, and knowing the 
value for d, it is possible to calculate the wavelength of the diffracted energy, and hence 
identify the element that caused the emission. 
An X-ray spectrometer consists of three principal sections, the specimen chamber, the 
monochromator and the detector (see figure 3.14). The principles behind a wavelength 
dispersive XRF spectrometer are relatively simple.  
 
 
Figure 2.16: Overview of a wavelength dispersive XRF spectrometer 
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In wavelength dispersive spectrometers, the several X-ray lines emitted from the sample 
are dispersed spatially by crystal diffraction on the basis of wavelength. The crystal and 
detector are made to synchronously rotate through angles of θ and 2θ respectively. The 
detector then receives only one wavelength at a time [172]. 
The collimator (a series of precisely spaced slits) is placed between the specimen and 
crystal / detector. It functions to focus the incoming X-rays into a spot size on the crystal. 
A larger diameter collimator allows more X-rays to pass through at a wider angle, which 
results in broader peaks, but higher intensities. A smaller collimator will allow less 
radiation through, due to restricting the angles at which it can pass, but will give better 
peak resolution.   
Two types of detectors are commonly found on an X-ray spectrometer: a gas-filled (GF) 
detector registers a current pulse from the collection of electron-ion pairs formed by X-ray 
photon interactions with a gas, typically „P90‟ (90% argon, 10% methane), and a 
scintillation detector counts light pulses created when X-rays pass through a phosphor 
plate. 
For qualitative analysis the spectrometer is used in scanning mode, where it rotates 
through a defined 2θ range, typically 10º to 145º. X-rays reaching the detector are recorded 
and their intensities amplified and a spectrum generated as a series of peaks. In 
quantitative analysis the amount (concentration) of an element in a sample is examined. 
The spectrometer is fixed at the appropriate angle needed to measure the intensity of an 
analyte element‟s characteristic line. The intensity is recorded as number of counts per unit 
of time. This intensity value is then used to calculate a concentration [172]. 
Spectral interference or „line overlap‟ is not a common problem because spectra are simple 
and contain relatively few lines.  
Interference may arise from overlap of first order lines, overlap of first order K lines with 
high order K lines from heavier elements; and overlap of a first order L line with a high 
order K line from a lighter element [172]. There a number of ways to overcome spectral 
interference. The easiest method is to choose a weaker alternative line such as a Kβ instead 
of a Kα. If an alternative line cannot be used it may be possible to choose another crystal 
that has a higher resolution capable of separating the lines [172]. 
In a multi-element specimen, the term „matrix‟ refers to the entire sample, except for the 
current element being measured, the analyte. Ideally the intensity of an analyte‟s spectral 
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line should be directly proportional to its concentration; however, because of matrix effects 
the intensity to concentration relationship is not always linear. The following matrix 
effects give rise to non-linearity: 
 
 Primary absorption – A matrix element may absorb the wavelengths of the 
primary X-ray beam that is needed to cause the analyte to fluoresce.  
 Secondary absorption – A matrix element may absorb the analytes 
fluorescent radiation.  
 
If the fluorescing radiation from a matrix element is of sufficient wavelength then it may 
cause the analyte to fluoresce in addition to that caused by the primary X-ray beam. This 
effect is „Enhancement‟ (Whiston, C., 1987). There are three ways to overcome matrix 
effects: produce a calibration curve from known standards, or standard addition methods, 
or use mathematical methods. Matrix effects can be corrected mathematically by using 
experimentally-derived parameters [172]. 
 
2.11 UV-Vis Spectroscopy 
Ultraviolet and visible spectroscopy is an invaluable laboratory technique that measures 
both the wavelength and intensity of absorption of near ultraviolet and visible light by a 
sample.  
UV-Visible spectroscopy exploits the phenomenon of electronic transitions. When an atom 
or molecule adsorbs energy electrons are promoted from their ground state to an excited 
state. In a molecule atoms can also vibrate and rotate with respect to one another. The 
vibrations and rotations are associated with discrete energy levels [173].  
Absorption of ultraviolet and visible radiation in molecules is restricted to certain 
functional groups known as chromophores. Chromophores are responsible for a molecules 
colour and almost always arise from one of two forms, conjugated π systems and metal 
complexes. When a molecule adsorbs certain wavelengths of visible light and reflects 
others it has colour. A chromophore is therefore a molecular region where the energy 
difference between two electronic transitions or molecular orbitals falls within the range of 
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the visible spectrum. Visible light can be absorbed by the chromophore exciting and 
electron from its ground state to an excited one [173]. 
Typically, if a molecule has π electrons it can absorb UV or visible light to promote one of 
those electrons to a higher energy orbital. A UV-Vis spectrum is taken by irradiating a 
sample over broad range of UV and visible light wavelengths and then measuring the 
amount of light adsorbed at each wavelength. UV-Vis spectra are displayed as a plot of 
adsorption vs. wavelength and peaks represent wavelengths at which light was absorbed by 
the sample. Peak height represents the intensity of light that was adsorbed, or transmitted 
through the sample. 
Beers law (or Beer-Lambert law) and UV-Vis spectrometry are often used in chemistry to 
determine the concentration of a chromophore solution using a calibration curve.  
 
Beer’s law states that  A=εbc,   (Equation 2.4) 
 
Where A is absorbance (no units), e is molecular absorptivity, b is path length of the 
sample and c is the concentration of the analyte chromophore in solution. UV-Visible 
spectro-photometers employ a 1 cm square cuvette so b (path length) is typically 1. The 
Beer-Lambert law does not hold at high concentrations, so dilutions are typically necessary 
to ensure quality of data [173].  
Figure 3.15 shows the schematic setup of a typical UV-Visible instrument. A known 
intensity and wavelength of light is passed through a sample and the amount of light 
adsorbed recorded.  
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Figure 2.17. Schematic representation of a typical UV-Visible instrument and graphic 
representation of chromophore absorption of light. 
Often in chemistry colour can be used as an indication of a molecules concentration in 
solution. A simple UV-Vis calibration graph of absorbance vs. known concentration 
should be linear and allow for the user to test the concentration of an extract or 
experimental result involving a chromophore. Results are only meaning full if the 
absorbance range is typically between 0 (no photons adsorbed) and 2 (99% photons 
adsorbed) units and the same wavelength and chromophore is used for calibration and 
analysis.  
 
2.12 Environmental Scanning Electron Microscopy 
Environmental scanning electron microscopes (ESEM) provide images of a polymer or 
specimen‟s surface, morphology and topography. Similar in concept to a conventional 
microscope, ESEM use lenses to extract a magnified image. ESEM relies on an electron 
gun to produce high energy electrons which are focused through electromagnetic lenses 
into a fine point onto the surface of a sample. The size of the focused beam is referred to as 
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spot size. ESEM electron guns typically operate at voltages in the range of 200 to 
30000 V. When the primary electron beam produced by the electron gun strikes the sample 
several phenomena may take place; the specimen itself can emit secondary electrons, some 
primary electrons are reflected, electrons are adsorbed, the specimen can emit X-ray or 
photons. The occurrences of these phenomena are dependant on the chemistry and 
elemental composition of the sample. A detector is used to measure reflected and 
secondary electrons. The detector experiences these as electric impulses which are then 
processed by a computer and software to form an image [174]. Figure 3.17 shows a 
simplified schematic of ESEM operation. 
 
 
Figure 2.18: Simplified schematic of an ESEM’s operation 
The primary advantage of ESEM is that it can operate under low vacuum which allows for 
examination of biological samples or samples containing fluids. High vacuum is normally 
necessary to get good magnification and image resolution as electrons interact with 
particles in normal air leading to more scattering. ESEM solves these problems by having 
the primary beam under vacuum and a low vacuum specimen chamber with short beam 
path length [174].  
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2.13 Mechanical Analysis 
Mechanical properties of polymers are found through physical testing. One of the most 
commonly used and revealing experiment for any polymeric material is the determination 
of a stress-strain curve under tensile (tension or stretching) force.  
Stress-strain curves are generated in instruments where a sample is clamped between two 
moving cross heads in a loading frame and subjected to a controlled displacement. 
Transducers and electronics accurately measure the rate of displacement and the force 
required for displacement [175].  
The engineering measures of stress and strain are defined by equation 4 and 5. 
 
𝜎 =  
𝐹
𝐴
      (Equation 2.5) 
𝜖 =
𝛿𝐿
𝐿0
     (Equation 2.6) 
 
Where F is force or load, A is cross sectional area and L is specimen length and L0 is 
original length [175]. 
When stress is plotted against strain, an engineering stress strain curve is obtained (Figure 
3.18). A stress strain curve defines several useful measurements, including modulus, yield 
or tensile strength, strength and elongation at yield and break.  
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Figure 2.19: Typical Stress-Strain curve for a thermoplastic starch polymer displaying regions 
that define mechanical properties. 
Modulus (or Young‟s modulus) defines the elastic stiffness of a material, or its resistance 
to deformation under strain. Young‟s modulus only applies in the stress-strain region 
where Hooke‟s law applies. Hooke‟s law, analogous to the extension of a spring, describes 
the region in which a material can deform under force in a linear fashion and completely 
recover once the force is removed. Modulus is calculated from the linear portion of a 
stress-strain curve [175].  
Yield stress is the point at which elastic deformation ceases and permanent deformation 
occurs. This is the viscoelastic limit of a material, or the point at which molecules can no 
longer elongate under force and return to their mean position once the force is removed. At 
the yield point strain hardening occurs and samples undergo „necking‟ where their cross 
sectional area reduces due to plastic flow. Above the yield point the polymer is no longer 
undergoing elastic deformation and enters into plastic or permanent deformation. Brittle 
materials do not have a yield point and simply fail or break [175].  
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Ultimate tensile strength is a measure of a materials maximum resistance to fracture and is 
the largest amount of tensile strength the polymer can achieve before the onset of failure 
(breakage).  
Elongation is another commonly referred to material property and is simply a 
measurement of the change in length of a material under strain. Elongation at break is the 
length before mechanical failure and elongation at yield is the length before the onset of 
plastic deformation.  
Mechanical stress-strain instruments typically comprise of a sample clamping system 
which is attached to a hydraulic or stepper motor actuator that can provide tensile or 
compressive force (image 3.6). Samples are elongated at a set rate (mm/min) and the force 
required for each step recorded.  
 
Image 2.2: Instron 4465 material tester 
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2.14 Dynamic Mechanical Testing 
Dynamic mechanical analysis (DMA) is a technique that examines a materials response to 
stress, temperature and frequency. A small sinusoidal deformation is applied to a sample of 
known geometry in a cyclic manner. For a known stress the sample will then deform a 
certain amount. This is usually achieved by mounting the sample in a holder and an 
oscillating drive shaft pushes into the sample to exert a force.  Because and oscillating 
force is applied the materials response to force can be described as its ability to flow and 
then its stiffness based on its ability to recover. An advantage of DMA is that an oscillating 
force can be applied rapidly while a sample is being heated. This provides information as 
to the polymers stress responses over a wide temperature range (Figure 3.19) [176].  
 
 
Figure 2.20: DMA supplies and oscillating force that results in a sinusoidal stress being applied to 
a material. By measuring the amplitude and deformation (displacement) of the material at the peak 
of the sine wave, and the lag between the applied stress and recorded displacement, material 
properties such as modulus and energy storage and loss can be calculated.  
As with mechanical analysis, when a stress is applied, a material experiences strain, and 
the linear portion of this stress-strain relationship describes Young‟s modulus. DMA can 
be used to find a materials modulus, however it is not directly comparable to Young‟s 
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modulus. DMA calculates a complex modulus (E*) which consists of an elastic (storage) 
modulus (E‟) and a loss modulus (E”) from the materials response to a sinusoidal 
oscillating force [176].  
E‟ is commonly referred to as storage modulus and defines the elastic response of a 
material but is not the same as Young‟s modulus. It is a measurement of the energy stored 
by the material during a cycle.  
E” is loss modulus and describes the viscous response of a material. Loss modulus can be 
describes as energy lost to viscous flow or dissipation of heat. 
The ratio of E” to E‟ is referred to as the damping factor (tan δ) and is the dissipation of 
energy in a material under cyclic load, and describes the materials ability to absorb energy. 
This value varies with frequency and temperature [176].  
 
2.15 Statistical Analysis 
2.15.1 Principal Component Analysis 
Principal component analysis (PCA) is a commonly applied chemometric technique used 
for over-viewing relationships or groupings within multivariate data. PCA reduces the 
dimensionality of data, while at the same time accounts for as much of the variation in the 
original data as possible.  
PCA works by transforming data to a new set of coordinates or variables, the principal 
components (PC„s), that are linear combinations of the original variables. This is 
accomplished by rotating and transforming the original variables axes so that the new axes 
lie along the direction of maximum variance of the data. Interpreting and understanding of 
the data can is then gained by examining the observations in the new factor space.  
Principal Components are composed of so-called scores and loadings.  PCA summaries the 
original data variables into much fewer, more informative variables called scores. These 
new variables (scores) are a weighted average of the original data variables, and loadings 
contain the information regarding the variable. The first principal component has the 
largest variance (eigenvalue), and the variances decrease with increasing principal 
component number.  PC‟s are defined by equation 2.4: 
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X = C.P
T
 + E    (Equation 2.7) 
Where X = data matrix (mean centered or normalized), C = scores, P = loadings, T is a 
matrix transpose and E is residuals.  
PCA can be performed using either a covariance or correlation matrix.  
Covariance is scale dependant and the effects of magnitude within data considered. If 
sample variables are in different units or the magnitude in range between variables is too 
large, a correlation matrix should be used.  
Correlation uses a standardized, variance scaled, variance-covariance matrix. Data is 
normalized and scaled to remove unit and magnitude effects.  
The correlation of a data matrix is expressed as; 
Cov(X,Y) = (X – μx)(Y – μy)   (Equation 2.8) 
Where Cov is the covariance matrix, X and Y are two variables or arrays, and μ is the 
mean.  
From the covariance matrix the correlation matrix is defined by equation 8.4; 
𝐶𝑜𝑟𝑟 =
𝐶𝑜𝑣(𝑋,𝑌)
𝜎𝑥𝜎𝑦
     (Equation 2.9) 
Where Cov = the covariance matrix, X and Y are two variables or arrays, and σ is the 
standard deviation of X and Y.  
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Chapter 3: Materials and Methods  
Thermoplastic starch materials were formed either through extrusion or the pelletisation 
and hot pressing of extrudate. Several cultivars of starch were chosen for experimentation 
based on their availability and amylose content. The structure and composition of starch 
films were analysed using X-ray scattering and X-ray fluorescence. X-ray scattering 
experiments provide details about the arrangement and inter-atomic spacing of regular 
lattices of atoms in a sample. This allows polymer crystallinity to be estimated. 
Crystallinity in polymers is important as it can have a large effect on mechanical 
properties. X-ray scattering can monitor changes in film crystallinity bought about by 
retrogradation or chemical modification. X-ray fluorescence identifies the type of atoms 
present in a sample, and has been used to determine the silica content of thermoplastic 
starch silica composites.  
Mechanical properties of films were assessed using a combination of stress-strain analysis 
and dynamic mechanical analysis. Stress-strain analysis provides information on material 
elasticity, tensile strength, toughness, elongation and modulus. It describes a material 
response to stress in terms of compression or extension, and monitors the force required 
for deformation per unit of distance. Dynamic mechanical analysis applies a cyclic stress 
to a material which results in a complex modulus. Because an oscillating force is applied 
the materials response to force can be described as its ability to flow (loss modulus) and 
then its stiffness based on its ability to recover (storage modulus). 
The combination of X-ray methodology and classical and dynamic mechanical testing 
allows thermoplastic starch materials to be classified.  
 
3.1 Materials  
Starches were supplied from Penford Food Ingredients Company (Australia), National 
Starch (US) and Sigma Aldrich (Australia). Starches used throughout this thesis include; 
Avon starch, native corn starch, dextrin, Eco Film hydroxypropylated starch (HP), Gelose 
50, Gelose 80, potato and wheat (Table 3.1).  
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Table 3.1: Starches used for experimentation. 
Starch Type or 
Product name 
Supplier Description Amylose 
Content 
Avon Penford Unmodified waxy 
maize 
28% 
Corn Sigma Unmodified starch 28 to 40% 
Dextrin Sigma Low mol weight 
starch 
24 to 28% 
Eco Film National 
Starch 
Hydroxypropylated 
Gelose 80, DS of 
0.17 
80% 
Gelose 50 Penford High amylose corn 
starch 
50% 
Gelose 80 Penford High amylose corn 
starch 
80% 
Potato Sigma Unmodified starch, 
naturally contains 
phosphorous 
20% 
Wheat Sigma Unmodified Wheat 25 to 35% 
 
3.2 Extrusion of resin pellets and film / film 
An Axon B12 single screw extruder and an Entek 27 twin screw extruder were used to 
produce thermoplastic starch films.  
 
3.2.1 Axon B12 single screw extruder 
An Axon B12 single screw extruder (Image 3.1) is a lab scale extruder with four 
temperature zones along the barrel. The screw diameter is 12.5 mm and barrel length is 
50cm (L:D ratio of 26:1). A gateway screw was used to process starch slurries. The 
gateway screw includes a feeding zone (0-10cm), a compression zone (10-30cm), and a 
metering zone (30-50cm). Specifications are as follows: 
 Throughput capacity: 3kg/hr 
 Screw speed: 50-250 RPM 
 Barrel heating power: 1500W 
 Motor power: 1.1kW 
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Image 3.1: Axon B12 single screw extruder and gateway screw. 
The Axon B12 screw is designed to extrude polyolefins (e.g. polyethylene) and was not 
specifically designed to extrude thermoplastic starch. 
 
3.2.2 Starch Film Preparation using the Axon B12 extruder 
Starch was hydrated to 117% MC using tap water in 500 g batches. The starch slurry was 
mixed in a dough mixer for 5 min at 60 RPM. Reagents were added during mixing. The 
slurry was removed from the mixer and added to a hopper above the feed throat. Table 3.2 
shows the temperature profile of the extruder barrel. Screw speed was set at 120 RPM. 
Strands were formed using a 6 mm diameter die. The strand was collected and pelletised. 
Pellets were dried in an oven at 40°C to 25% MC.  
Table 3.2: Axon B12 extruder temperature zone settings. 
Zone 1 Zone 2 Zone 3 Zone 4 
60ºC 90ºC 80ºC 70ºC 
 
Pellets were placed in a square template 15 cm x 15 cm x 0.5 mm (Figure 3.1). Teflon film 
was used to cover the plates and pellets. Pellets were pressed into films using a mechanical 
hot press set at 120 to 130°C using 20 t of pressure for 5 min. Gelatinisation temperature 
and water content were kept constant to minimise processing effects [177]. 
 
Page | 56  
 
 
Figure 3.1: Expanded diagram of square template used to hot press films. 
After processing, films were stored at 23ºC and 50% RH. Humidity was maintained using 
a saturated solution of potassium nitrate [178]. Starch moisture was measured using a 
Metler Toledo HG63 Halogen moisture analyser. Starch materials must be equilibrated at a 
specific RH and temperature as they readily exchange water with the environment. If films 
are not equilibrated correctly samples will show large variation and inconsistencies during 
mechanical analysis.  
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3.3 Entek 27 twin screw extruder 
The Entek 27 (Image 3.2) is a twin screw co-rotating extruder with a barrel length of 
1295 mm and a screw diameter of 27 mm (L:D ratio of 40:1). The barrel is divided into 12 
zones each with independent heating and water cooling temperature control. Specifications 
are as follows: 
 Throughput capacity: 20 kg/h 
 Screw speed: 10–1200 RPM 
 Heating power: 1.4 kW 
 Motor power: 30 kW 
 
 
Image 3.2: Entek 27 twin screw extruder. 
3.3.1 Starch film extrusion using the Entek 27 
The Entek 27 has a screw profile specifically designed to process thermoplastic starch 
films (Figure 3.2). The film die was 620 mm wide with a die gap of approximately 250 µm 
and has four independent temperature zones. 
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Figure 3.2: Schematic diagram of Entek 27 extruder displaying barrel zones and screw profile. 
Thermoplastic starch film was produced using the extrusion parameters listed in Table 3.3. 
Starch was prepared in 15 kg batches. All dry additives were mixed with the starch using a 
cement mixer. Water was added as a liquid feed in barrel segment number three where the 
first mixing zone is located. The final moisture content of the extrudate was 28%.   
Table 3.3: Entek 27 extrusion parameters 
Parameter Set value 
Screw Speed 300 RPM 
Zone 1 temp 40ºC 
Zone 2 temp 70ºC 
Zone 3 temp 80ºC 
Zone 4 temp 90ºC 
Zone 5 temp 95ºC 
Zone 6 temp 120ºC 
Zone 7 temp 135ºC 
Zone 8 temp 135ºC 
Zone 9 temp 130ºC 
Zone 10 temp 120ºC 
Zone 11 temp 110ºC 
Zone 12 temp 90ºC 
Die Zone 1 temp 110ºC 
Die Zone 2 temp 120ºC 
Die Zone 3 temp 120ºC 
Die Zone 4 temp 110ºC 
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Produced film was continuously collected and dried using a roll stack with rollers set at 
80°C (Image 3.4). Starch films were conditioned at 23ºC, 50% RH for 14 d.  
 
 
 
 
Image 3.3: Roll stack for film collection and drying. 
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3.4 Spectroscopic Analysis 
Various spectroscopic and analytical techniques were required for the characterization and 
comparison of thermoplastic starch films. The following section offers a brief explanation 
of the spectroscopic techniques employed throughout this body of work.  
 
3.4.1 X-ray diffraction analysis 
Three specific X-ray Bruker™ diffraction instruments were used to characterize starch and 
starch films; powder diffraction, General Area Diffraction Data System (GADDS) and 
wide angle X-ray scattering.  
Powder diffraction experiments were carried out using a D8 Advance Bruker AXS X-ray 
powder diffractor using a one dimensional Debye-Scherr camera, CuKα radiation 
(wavelength 0.1542 nm) operating at 40 kV and 35 mA. The scattering angle (2) covered 
the range from 3° to 30° ( is the Bragg angle) with a step of 0.02° and a sampling interval 
of 10 s. 
GADDS 2D Diffraction experiments were conducted using a D8 Advance Bruker AXS X-
ray diffractor with GADDS attachment fitted with a 50 μm spot size collimator, 
incorporating a High Star 2 dimensional detector and CuKα radiation (wavelength 
0.1542 nm) operating at 40 kV and 40 mA. The goniometer angle was set to 20º (X stage) 
and the sample stage angle was set to 10º. Spectra were collected over 300 s. 
Wide angle X-ray scattering experiments were conducted using a Bruker ASX nanoSTAR 
with 2D High Star detector. CuKα radiation (wavelength 0.1542 nm) was used with at 
40 kV and 40 mA. The detector to sample distance was set at 4 cm giving a spectral 2θ 
range of 2 to 40º. Irradiation time was 3 h.  
 
3.4.2 X-ray fluorescence experiments 
All samples were analysed using a Bruker S4 Pioneer wavelength dispersive X-ray 
fluorescence spectrometer. Thermoplastic starch silicon content was determined using a 
PET crystal, Si Kα line of 1.74 keV, X-ray tube voltage of 27 kV, 0.46 mm collimator 
standard gas detector.  
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3.4.3 UV-Visible spectroscopy experiments 
A Cary 300 UV-Visible spectrometer was employed using 1cm
3
 cuvettes. Wavelengths 
were chosen depending on experimental requirements. 
 
3.4.4 Environmental scanning electron microscopy experiments 
ESEM images were taken using a FEI Quanta 200 ESEM with EDAX Si(Li) X-ray 
detector and Gatan Alto Cyro stage in high vacuum mode with a electron gun voltage of 
20 kV. Electron spot size varied between 1 to 5 nm.  
 
3.4.5 Mechanical testing 
Stress-strain testing was conducted on an Instron™ 4465 materials tester using a 5 kN load 
cell. Samples were tested according to ASTM D638 using type IV test specimen standards. 
To ensure accurate and reproducible replicates, and to overcome the problem of starch 
materials exchanging water with the environment, all samples were equilibrated in a 
controlled environment at 23°C and 50% RH, and removed prior to testing. All values 
given for mechanical properties are thus for materials equilibrated at 23°C and 50% RH.  
 
3.4.6 Dynamic mechanical testing 
Storage and loss modulus for starch materials were measured using a Perkin Elmer 
Diamond DMA at a constant temperature of 25°C with an applied frequency of 1 Hz, and 
results averaged over five replicates. To ensure accurate and reproducible replicates, and to 
overcome the problem of starch materials exchanging water with the environment, all 
samples were equilibrated in a controlled environment at 23°C and 50% RH, and removed 
prior to testing. Samples were coated in petroleum jelly prior to analysis to ensure no 
moisture loss during testing. All values given for mechanical properties are thus for 
materials equilibrated at 23°C and 50% RH. 
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Chapter 4: X-ray Diffraction Methods 
for Thermoplastic Starch  
Starch based thermoplastics provide a sustainable alternative to oil derived plastics [1]. 
Starch is a natural carbohydrate polymer product of photosynthesis in plants, and is widely 
available from various natural sources including wheat, rice, corn and potato. Starch 
consists of two structural isomers, the linear polysaccharide amylose poly(-1,4-
anhydroglucopyranose), and the highly branched polysaccharide amylopectin (including 
1,4- linkages and 1,6-branches) [13, 179]. Starch is completely biodegradable in soil 
and water, and thermoplastic starches (TPS) share this same property [1].  
Wide angle X-ray scattering (WAXS) is used to identify crystal structures and regular 
molecular arrangements present in native and processed starch [65]. Starch is a semi-
crystalline polymer with low and imperfect crystallinity. Its X-ray diffraction data has low 
intensity, broad diffraction peaks, noise in the intensity scale, and a large amorphous 
scattering distribution. Two polymorphs exist, A-type in grain starch and B-type in tuber 
derived starch. Known exceptions are high amylose maize and barley starches, which 
above 49% amylose display B-type not A-type patterns [42]. The crystal structures in 
native starches are formed by the packing of hexagonal arrays of amylopectin in helical 
coils [49]. Starch X-ray data requires background subtraction to establish a baseline for the 
scattering [42]. The diffraction peaks are used to identify the particular crystalline forms in 
the material [180].  
Efforts to characterise the supra-molecular structures of various corn starch compositions 
using X-ray scattering techniques, and obtain quantitative measurements of the types of 
order, orientation and crystal forms present, are of particular interest when investigating 
the mechanical properties of TPS films. Of particular interest in TPS is completeness of 
gelatinisation during processing, and any subsequent tendency toward retrogradation to 
form V-type amylose crystals [181, 182]. Gelatinisation involves loss of granular and 
crystalline structures by heating with water and often including other plasticizers or 
modifying polymers [183]. Retrogradation is due to the re-coiling of amylose helical coils. 
Starch molecules disrupted during gelatinisation slowly re-coil into their native helical 
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arrangements or new single helical conformations known as V type, causing TPS films to 
rapidly become brittle and lose optical clarity [64, 184].  
The development of methods to process WAXS data and calculate total crystallinity and 
the contributions of polymorphs A, B and V types to crystallinity is an objective of TPS 
research. WAXS patterns for starch show weak intensity with broad peaks as a 
consequence of the diffuse crystal structures, so signal processing involves: smoothing, 
baseline correction and subtraction of amorphous background scattering from the coherent 
crystalline scattering. Resolution of diffraction peaks is required to allocate intensity to 
mixed crystalline types when present. These processing techniques can be applied to 
estimate the crystallinity of various starches and to track changes in retrogradation in a 
starch film. 
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4.1 Materials and Methods 
4.1.1 Samples and preparation 
The raw materials used were Avon starch, Gelose 50, Gelose 80 and Eco Film starch. 
Thermoplastic starch films used for retrogradation studies were produced using Gelose 80 
on an Axon B-12 using the method stated in Chapter 3.  
4.1.2 Data processing 
X-ray spectral peaks are subject to drift due to film warping during data acquisition. The 
affected spectra were corrected using a peak alignment function described by Kirwan et al. 
[185], where visually identified segments are shifted to maximise their correlation with a 
reference spectra. Spectra were then baseline corrected and smoothed to reduce noise using 
a nine point Savitzky-Golay moving filter [186]. Spectra data processing was performed 
using Matlab version 7.4 (Mathworks Inc, 2008) with PLS toolbox version 4.0.2 
(Eigenvector research Inc, 2008), Mathcad 14 (Mathsoft Inc, 2007), and Microsoft Excel 
(Microsoft Corporation 2007). 
4.1.3 X-ray transmission  
Two samples were prepared for analysis using the Bruker AXS Nano-star instrument. Each 
sample measured 5 mm wide by 30 mm long with a 0.5 mm film thickness. Before 
analysis, one film was coated in paraffin grease and the other remained uncovered.  
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4.2 Results and discussion 
4.2.1 X-Ray diffraction data treatment 
The analysis of X-ray diffraction data from raw starches and processed TPS has its own 
inherently unique problems. The nature of the ordering of starch helices gives rise to weak 
intensity in native granular starches; with even weaker intensities in TPS, where glucosidic 
chains are in an amorphous jumble or have retrograded into the V form. Starch powder 
diffraction X-ray spectra are often noisy unless long irradiation times and small detector 
steps are used. It was necessary to smooth the data using a Savitzky-Golay filter, to assist 
in identifying peak heights and separate morphologies. Figure 4.1 shows the difference 
between unsmoothed and smoothed X-ray spectra for corn starch. Trace (A) is 
unsmoothed, trace (B) applies a 9-point moving average filter and trace (C) applies a 9-
point Savitzky-Golay moving filter.  
 
 
Figure 4.1: X-ray spectra of corn starch showing unsmoothed (A), 9-point moving average filter 
(B) and 9-point Savitzky-Golay moving filter (C). 
A B C 
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4.2.2 Determination of amorphous component 
The physical and chemical properties of a polymer are dependent on the crystallinity 
present. Wide-angle X-ray diffraction is commonly used to determine the crystallinity of a 
polymer. Crystallinity can be defined as the mass fraction of the crystalline and amorphous 
components in a material. A critical step in determining the crystallinity of a polymer is 
the separation of the crystalline peaks from the amorphous scattering region. There have 
been many methods developed for this purpose [187-191]. 
Relative methods assign an index to a material by comparing its diffraction pattern to that 
of a purely crystalline and amorphous standard [191]. Absolute methods derive the degree 
of crystallinity by examining the ratio of the integrated intensity of the crystalline peaks to 
the integrated intensity of the complete diffraction spectra.  
Both method types are subject to various sources of error, and it becomes important to 
understand their limitations, especially when examining low-crystallinity materials such as 
starch.  
One of the most accepted and widely used approaches to crystallinity determination was 
first described by Ruland. The Ruland method was developed to take into account diffuse 
scattering due to thermal vibrations and lattice imperfections in the crystalline part of a 
substance  [192, 193]. Data is corrected and normalized to electron units, plotted as I(s)s
2 
versus s, and the crystalline peaks fitted by pseudo-Voigt functions on top of a amorphous 
background Ib(s)s
2
 (Equation 4.1); 
 

Xcr 
IBragg
cor (s)(s2)ds
0
Sp

[I(s) I inc(s)]s2ds
0
Sp


f 2 s2ds
0
Sp

f 2 exp((B /2)s2)s2ds
0
Sp

 (Equation 4.1) 
 
where 

IBragg
cor
 is the scattering belonging to the Bragg peaks, f2 is the average squared 
atomic scattering factor, I
inc 
= the global incoherent scattering, B is the overall thermal 
factor and sp = 2(sin)/. In the Ruland method, the line of the amorphous halo is drawn as 
a tangent to the base of diffraction peaks, or by connecting the minima between peaks 
together.  
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Vonk later created a computerized version of the Ruland equation that estimated both B 
and Xcr [188]. Vonk obtained the line of amorphous halo by using the pattern of an 
amorphous standard, and used points between crystalline peaks to scale the amorphous 
standard to the diffraction curve under investigation.  
Gehrke & Zachmann developed a variation of the Ruland method that required no integrals 
[194], and was refined by Polizzi et al. (equation 4.2) [190]. Data is still required to be 
normalised into electron units, and the background, Ib is estimated by; 
 
Ib(s) = (1-Xc)Iam(s) + Xcf(s)
2[1-exp(-ks2)]  (Equation 4.2) 
 
where Iam is the experimental intensity of a completely amorphous sample (corrected and 
normalized to electron units), f(s)2 is the mean square atomic scattering factor for the 
material, Xc is the degree of crystallinity and k is the factor that includes either thermal or 
lattice disorder, where s = 2(sin)/.  
Further refinements have been made to the Ruland-Vonk equations over the years, [195] 
with many methods incorporating pattern de-convolution and peak fitting to better estimate 
the amorphous component [196]. All Ruland-Vonk methods rely on the availability of an 
amorphous standard, as well as detailed knowledge of the crystal structure being 
investigated. Detailed knowledge may not always be available. 
The Rietveld method [197, 198], gives more accurate determinations of crystallinity by 
examining the difference between experimental peak profiles and calculated ones. This 
requires knowledge of structure factors, unit cell volumes, Lorenz factors and preferred 
orientation factors. The Rietveld method is applied to single-phase crystalline samples or 
single crystal diffraction data.  
High crystallinity polymers can have simple backgrounds that can be subtracted with low 
order polynomials. Semi-crystalline polymers, such as starches, have proportionally larger 
and more complex amorphous contributions. The amorphous background is estimated by 
drawing a smooth curve from tail to tail following the general contours of the continuous 
background scattering. This approximation contributes to error and can either over or 
underestimate crystalline scattering. This is the trade-off for a method that is 
uncomplicated, rapid and objective. 
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CSIRO Australia published a method for measuring starch crystallinity based on the fitting 
of an entire X-ray diffraction spectra with a series of Gaussian curves [199]. Degree of 
crystallinity is expressed as the fraction of crystalline area with respect to total area. The 
amorphous scattering contribution is estimated through peak fitting and residuals. This is 
similar to conventional whole pattern de-convolution and refinement procedures such as 
the Rietveld method. Instead of refining experimental peak shape based on calculated peak 
shape from lattice parameters and thermal functions, the method fits a Gaussian curve to 
each identified peak and uses a sum of least squares refinement procedure to ensure good 
fit. An example of this method (and all similar de-convolution methods) is shown in Figure 
4.2 where it has been used to estimate the crystallinity of native corn starch. Hindeleh and 
Johnson first applied this method by fitting an entire spectrum with peak profiles, part 
Gaussian and Cauchy, to estimate the crystallinity of cellulose, polyamide and polyester 
materials [200, 201]. Rabiej used a similar whole pattern curve fitting procedure, based on 
a genetic algorithm and a combination of Cauchy and Gaussian functions to estimate 
material crystallinity [202].  
 
Figure 4.2: Estimation of starch X-ray crystallinity using a whole pattern de-composition method. 
While estimations of crystallinity can be obtained, the curve-fitting procedure is time 
consuming and requires the user to select peaks and give initial estimations for curve 
fitting parameters. The fitting procedure incorporates a sum of least squares and residual 
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area algorithm which can contribute to error. Residual area not able to be fitted by a 
Gaussian peak is unaccounted for, or fitted peaks are artificially broadened or shifted to 
account for more residual area. This causes defects when a single Gaussian shape cannot 
accommodate all of the observable amorphous contribution, or when noisy or unrefined 
data is used. A solution may take several trials and requires the adjustment of fitted peak 
parameters. Good knowledge of the software and curve fitting methodologies is required. 
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4.2.3 Iterative Savitzky-Golay smoothing algorithm  
A smoothing algorithm for amorphous background estimation and subtraction defined by 
Bruckner [20] was examined and refined for suitability in the use of starch X-ray analysis. 
Smoothing procedures, such as the ones described earlier, are usually used to reduce 
random fluctuations in diffraction data, the downside being a minor reduction in peak 
intensity. This effect was used to estimate the background scattering in a diffraction 
pattern, through iterative smoothing.  
Bragg peaks were treated as „noise‟ and the spectra were smoothed back into an estimation 
of the underlying amorphous scattering distribution. A wide moving window (of width n) 
was required to eliminate Bragg peaks, so the ends of smoothed spectra were continually 
shortened by (n/2) data. This was corrected by data filling. After the data was smoothed, it 
was compared with the original data set and the lower of the two intensities was retained. 
This cycle was repeated and the newly smoothed spectrum was compared with the last 
smoothed data set. The algorithm was iterated a set number of times, taking into account 
any artificial data that was introduced in each cycle to either side of the spectrum. The 
amorphous component was then subtracted and its total area was calculated (see Appendix 
1).  
This method still relied on estimating the peak intensity of the amorphous scattering curve. 
If the window and iteration values were kept constant for a particular material type, the 
same relative error is introduced each time, making crystallinity comparisons possible 
within common sample sets. The basic concept of Bruckner‟s approach was maintained 
except a Savitzky-Golay smoothing algorithm using a variable window width [186] was 
employed instead of a boxcar averaging filter. This resulted in less data loss and added a 
user defined convergence point to improve the fit (Figures 4.3(a) and 4.3(b)). The 
Savitzky-Golay filter requires more iterations and a longer processing time in comparison 
to a simple averaging filter. 
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Figure 4.3(a): Native corn starch X-ray spectra and estimation of the amorphous background 
using a Boxcar smoothing algorithm. 
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Figure 4.3(b): Native corn starch X-ray spectra and estimation of the amorphous background 
using a Savitzky-Golay smoothing algorithm. 
Figures 4.4(a) to 4.4(e) show native corn starch X-ray spectra fitted with amorphous 
background estimation curves. Table 4.1 shows the derived relative crystallinity. 
Crystallinity values were similar to those found in literature [199]. Dextrin, corn and wheat 
starch all display A-type crystalline patterns. Potato and Gelose 80 show B-type patterns.  
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Figure 4.4a: X-ray spectra of dextrin and estimation of the amorphous background using a 
Savitzky-Golay smoothing algorithm. 
 
Figure 4.4b: X-ray spectra of Gelose 80 and estimation of the amorphous background using a 
Savitzky-Golay smoothing algorithm. 
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Figure 4.4c: X-ray spectra of wheat and estimation of the amorphous background using a 
Savitzky-Golay smoothing algorithm. 
 
Figure 4.4d: X-ray spectra of potato starch and estimation of the amorphous background using a 
Savitzky-Golay smoothing algorithm. 
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Figure 4.4e: X-ray spectra of corn starch and estimation of the amorphous background using a 
Savitzky-Golay smoothing algorithm. 
Table 4.1: Crystallinity estimation of native starches using a Savitzky-Golay smoothing algorithm. 
Starch Crystallinity (%) 
Corn 44 
Dextrin 32 
Gelose 80 22 
Potato 30 
Wheat 35 
 
The Avon, Corn, Dextrin and Wheat starches show A-type crystal structure. B-type 
structure was observed for Gelose 80 and potato starch.  
 
4.2.4 Crystalline peak fitting 
Lorentz, Gaussian and log-normal distributions can be used to model X-ray diffraction 
peaks. A Voigt distribution can be used, but the difference in fit is minimal. A combination 
of Lorentz and Gaussian distributions (Equation 4.3) can model an X-ray diffraction 
spectrum. The ratio between the two distributions can be manipulated to accommodate for 
peak broadening and shape. 
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Relative crystallinity was calculated using Equation 4.4. 
 
crystalline area 
Relative crystallinity
(crystalline + amorphous) area    

  (Equation 4.4) 
 
In starch X-ray diffraction patterns, different peaks are representative of A, B, or V type 
crystal structures. Figures 4.5(a) and 4.5(b) shows the estimation of the amorphous region 
and peak fitting of crystalline peaks for Gelose 80 and relevant data is listed in Table 4.2 
[180].  
 
Figure 4.5(a): WAXS of Gelose 80 and estimation of the amorphous background using a Savitzky-
Golay smoothing algorithm. 
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Figure 4.5(b). WAXS of Gelose 80 showing residual crystalline peak fitting. 
Crystallinity of peaks was calculated using Equation 4.5, 
  Crystallinity (%) = 
area  of  crystalline  peak
total  crystalline  area
   (equation 4.5) 
Table 4.2: WAXS data of Gelose 80. 
Scattering Angle (2θ)º Crystallinity 
(%) 
Crystal type & 
Miller index (hkl) 
5.7 2.9 B type (001) 
14.3 4.7 - 
15.1 7.2 B type (140) 
17.1 43.8 B type (131) 
19.8 17.2 B type (103) 
22.3 11.7 B type (113) 
23.9 10.3 B type (132) 
26.3 2.2 B type (142) 
 
Should multiple crystal phases be present, the individual areas of the Bragg peaks can be 
used to calculate the relative amount of each crystal type present.  
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4.2.5 Monitoring crystallinity changes in thermoplastic starch films 
This Savitzky-Golay smoothing algorithm method was used to examine the crystallinity 
changes of Gelose 80 based TPS film over a five day period after thermoforming (Figure 
4.6).  
 
Figure 4.6: X-ray spectra of Gelose 80 based TPS collected every three hours over a five day 
period. 
Gelose 80 typically shows a B-type crystal structure. After starch gelatinization and 
processing into a film, starch molecules retrograde by coiling back into helical 
arrangements (due to the nature of their α-1,4- linkages) as well as align along linear 
regions [203]. Retrogradation creates an ordered structure in the TPS giving rise to 
brittleness and a reduction in elongation at break [204, 205].  
Retrogradation in Gelose 80 based TPS was defined as a function of increasing 
crystallinity. Figure 4.7(a) displays the separation of, and changes associated with 
amorphous phase scattering over time. Amorphous scattering was observed to increase 
over time. Figure 4.7(b) displays the crystalline component for each spectrum over the 
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same five day period in three hour intervals. There appeared to be common scattering 
distances contributing to the amorphous region, and as the amorphous scattering area 
increased, peak shape and intensity changes occurred signifying ordering within the 
amorphous phase. Whilst this ordering was not regular enough to contribute to coherent 
Bragg peaks, it did seem to signify short range alignment, and hence contribution to 
retrogradation. 
 
 
 
Figure 4.7(a): Paraffin coated Gelose 80 based TPS amorphous phase changes collected every 
three hours over a five day period. 
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Figure 4.7(b): Paraffin coated Gelose 80 TPS crystalline phase changes collected every three 
hours over a five day period. 
The crystalline phase (Figure 4.7b) was observed to increase in area and intensity. The 
crystalline fraction appeared to be of the B-type, and may have been a result of incomplete 
or un-gelatinised starch granules within the Gelose 80 based TPS. The amorphous phase 
also shifted and increased in area over the same time period.  
Figure 4.8 shows the relative changes in both the amorphous and crystalline phase areas 
and total crystallinity changes in paraffin coated Gelose 80 based TPS over five days. An 
initial decrease in crystallinity was observed followed by a rise to its original value. The 
final estimation of crystalline fraction was 0.16.   
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Figure 4.8: X-ray scattering changes in amorphous and crystalline phases and total crystallinity 
for paraffin coated Gelose 80 based TPS over a five day period. 
The TPS used in the above retrogradation study (Figure 4.7a, 4.7b, 4.7) was coated in 
paraffin grease to reduce water loss under vacuum conditions. A change in crystallinity 
from 0.16 to 0.18 took approximately 20 h. In a separate experiment paraffin was not 
applied and retrogradation occurred at a faster rate. In an uncoated film, a change in 
crystallinity from 0.16 to 0.18 took 6 h. The rate of recrystallisation is directly attributed to 
the rate water loss. This is contrary to the hypothesis that more residual water in a starch 
TPS allows more or free molecular motion and a higher rate of retrogradation.  
Figure 4.9 shows the relative changes in both the amorphous and crystalline phase areas 
and total crystallinity changes in uncoated Gelose 80 based TPS over five days. The 
amorphous phase increased in area over time. The crystalline scattering area increased at a 
slower rate, which resulted in a drop in total crystallinity, followed by a rise in total 
crystallinity to a final value of 0.16. The rate at which the amorphous scattering area 
increased was much greater in the uncovered TPS. 
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Figure 4.9: X-ray scattering changes in amorphous and crystalline phases and total crystallinity 
for un-coated Gelose 80 based TPS over a five day period. 
The relationship between water loss and the rate of retrogradation needs further 
investigation. Controlling water loss with surface coatings, additives or starch modification 
could maintain the flexibility of TPS films for a longer period of time [206]. However, 
plasticisers other than water such as glycerol and other alcohols, do not slow 
retrogradation in TPS films [207, 208]. 
Paraffin coated and uncoated Gelose 80 based TPS films increased to the same final 
crystalline fraction (Table 4.3), regardless of the rate of water loss.  
Table 4.3: Final crystalline and amorphous fractions of retrograded Gelose 80 based TPS film 
after five days.  
Film Crystallinity (%) Amorphous (%) 
Paraffin grease coated Gelose 
80 based TPS 
0.16 0.84 
Uncoated Gelose 80 based TPS 0.16 0.84 
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Figure 4.10 shows the changes in crystallinity for paraffin grease coated and uncoated 
Gelose 80 based TPS film over a five day period.  
 
Figure 4.10: Changes in crystallinity for paraffin grease coated and uncoated Gelose 80 based 
TPS film over a five day period. 
Total crystallinity decreases for the first 9 h in uncoated Gelose 80 based TPS. The total 
crystallinity decreases for the first 30 h in paraffin coated Gelose 80 based TPS. This is 
because the amorphous scattering intensity increases at a faster rate than the crystalline 
phase scattering intensity. This is attributed to amylose short range molecular ordering is 
increasing through water loss.  
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4.3 Conclusion 
Methodology was developed to estimate the amorphous component in X-ray diffraction 
spectra. Changes in TPS crystallinity over time, including the contribution from 
amorphous scattering, A, B and V crystal types, can be readily monitored and quantified 
using the calculation method developed for smoothing, baseline correction and estimation 
of the amorphous contribution to the total scattering. X-ray scattering methods provide 
structural information that can be directly related to material properties.  
Water loss appeared to correlate with the rate of retrogradation in starch TPS, though it did 
not affect the final degree of crystallinity. Crystallinity or crystalline fraction is not always 
a direct measurement of retrogradation, as the crystalline phase in an aging film changed 
little in intensity and area over time. The X-ray diffraction area considered to represent the 
amorphous component in starch TPS changed rapidly after film forming and there 
appeared to be some short range ordering of the „amorphous‟ components over time that 
enhanced scattering intensity and peak shape. Whilst this weak ordering could not be 
considered crystalline through definition, it did indicate that some dynamic molecular re-
arrangements were taking place within the amylose fraction as water was lost, and it could 
be considered to be a form of retrogradation.  
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Chapter 5: Film formation and 
properties of various commercial 
starches 
The mechanical properties of a starch film are influenced by several factors; starch 
cultivar, amylopectin to amylose ratio and level of chemical modification or substitution. 
Amylose is known to retrograde after gelatinisation into crystal structures (A and B-type) 
[209] and reaches a high final crystallinity in dried films [210]. The crystalline fraction of 
starch films is known to increase with amylose content [211]. Amylopectin forms 
amorphous films, but it is known to crystallise under certain conditions [212].  
Films created using amylose are more flexible than those prepared from amylopectin. This 
is due to the linear nature of amylose molecules and their ability to disentangle; as opposed 
to the highly branched amylopectin that entangle easily. Positive correlations between 
amylose content and film tensile strength and elongation have been reported [211]. Starch 
films containing blends of amylose and amylopectin from different cultivars have been 
reported to co-crystallise and a wide range of film properties result depending on 
plasticiser and processing conditions [213].  
Almost all starches contain some phosphorous [214, 215], in the form of starch mono-
phosphate esters. Starch mono-phosphate esters are commonly found on amylopectin 
[216]. Potato amylopectin has the largest mono-phosphate ester content with one mono 
phosphate ester per 317 glucose units on average [217]. Cereal starches (wheat, rice and 
maize) have very little phosphate. 
Though they depend on application, desirable mechanical properties for thermoplastic 
starch thin films include high elongation, low modulus, low Tg and high tensile strength. 
Five commercially available starches were examined for their film forming and 
mechanical properties. The five starches were selected on the basis of amylose to 
amylopectin ratio, phosphate content and chemical modification.  
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5.1 Materials and Methods 
5.1.1 Starch materials 
Table 5.1 shows the starches selected for film forming experiments. Amylose content 
ranged from 20% to 80%. Potato starch has an average phosphate content of 
approximately 500 to 800 ppm [218].  
Table 5.1: Starches examined for film forming and mechanical properties. 
Starch Type / Product name Amylose content 
potato Approx 20% depending on cultivar 
Avon 28% 
Gelose 50 50% 
Gelose 80 80% 
Eco Film Approx 80% 
 
5.1.2 Starch film formation and processing 
Starch films were processed using an Axon B12 extruder and formed using a hot press.  
5.1.3 Dynamic Mechanical Analysis (DMA) 
Above 100°C it was observed that the starches would dehydrate and stick to the 
instrument, so the upper temperature limit of scans was limited to 90ºC. Films were coated 
in paraffin grease to prevent moisture loss during analysis. Sample dimensions were 
10 mm length, 6 mm width and 450 μm to 600 μm thickness.  
5.1.4 Stress – Strain testing 
A 5 kN load cell was used at a strain rate of 2 mm/min. A low strain rate was needed to 
allow for molecular relaxation to ensure some sample elongation took place before break. 
Fire replicates of each film were examined.  
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5.2 Results and Discussion 
5.2.1 Film crystallinity  
Figure 5.1a through to 5.1e display the X-ray scattering pattern and estimated amorphous 
contribution for potato, Avon, Gelose 50, Gelose 80 and Eco Film starch films. 
Crystallinity values are tabulated in Table 5.2, and are arranged in ascending order.  
 
 
 
Figure 5.1a: X-ray spectra of potato starch film including amorphous component. 
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Figure 5.1b: X-ray spectra of Avon starch film including amorphous component. 
 
Figure 5.1c: X-ray spectra of Gelose 50 starch film including amorphous component. 
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Figure 5.1d: X-ray spectra of Gelose 80 starch film including amorphous component. 
 
Figure 5.1e: X-ray spectra of Eco Film starch film including amorphous component. 
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Table 5.2: Starch films in order of relative crystallinity. 
Starch Crystallinity (%) Amylose content (%) 
Eco Film 5.5 80% 
Potato 8.9 20% 
Avon 11 28% 
Gelose 50 12 50% 
Gelose 80 16.5 80% 
 
5.2.2 Film crystallinity of native starches 
A direct relationship between crystallinity and amylose content was observed for the 
native starches, potato, Avon, Gelose 50 and Gelose 80. As amylose content increased 
crystallinity also increased. Processing conditions can also affect crystallinity. Unbehend 
and Sarko [219] found that starch film crystallinity could change depending on processing 
conditions and gelatinisation temperature. Literature therefore shows certain variability 
associated with the X-ray determination of starch film crystallinity for a specific starch 
cultivar. 
5.2.3 Film crystallinity of a modified starch 
In comparison to Gelose 80, starch films made using Eco Film were significantly lower in 
crystallinity (5.5%) and was lower than all other native starch films tested. This is 
attributed to the steric interference provided by hydroxypropyl groups attached to the 
starch molecules.  
 
5.2.4 Film mechanical properties 
The mechanical properties of the films were examined using stress-strain analysis and 
dynamic mechanical testing. Mechanical properties of starch films are expected to be 
partially dependant on crystallinity. More crystalline polymers typically have lower 
elongation at break and are more brittle and less ductile. The mechanical properties of the 
experimental starch films were tested to examine the link with film crystallinity. Table 5.3 
displays the results from material stress-strain analysis. 
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Table 5.3: Stress-strain mechanical analysis results. 
Starch Elongation 
at Break 
(mm) 
Young‟s 
Modulus 
(MPa) 
Ultimate 
Tensile 
Stress 
(MPa) 
Crystallinity 
(%) 
Eco Film 4.2 ± 0.4 894 ± 72 26 ± 2 5.5 
Potato 2.1 ± 0.3 1215 ± 96 28 ± 3 8.9 
Avon 1.1 ± 0.2 1523 ± 87 38 ± 2 11 
G50 0.9 ± 0.2 1748 ± 54 32 ± 3 12 
G80 0.5 ± 0.2 1915 ± 62 45 ± 5 16.5 
 
5.2.5 Film mechanical properties of native starches 
Potato starch had highest elongation at break (2.1 mm), the lowest Young‟s modulus and 
the lowest ultimate tensile stress among the native starches tested. Gelose 80 starch had the 
lowest elongation at break (0.5 mm), the highest modulus and the highest ultimate tensile 
stress. An increase in amylose content in native starches correlated with a reduction in 
elongation and an increase in modulus. These results are consistent with earlier literature 
findings [220] [221]. 
5.2.6 Film mechanical properties of a modified starch 
In comparison to Gelose 80, Eco Film starch film had a higher elongation at break 
(4.2 mm), a lower Young‟s modulus (894 MPa) and a lower ultimate tensile stress 
(26 MPa). The mechanical properties of Eco Film starch films were significantly different 
from all other native starch films. Eco Film starch films had the highest elongation, the 
lowest modulus and the lowest ultimate tensile strength.  
5.2.7 Dynamic mechanical analysis (DMA) 
Figure 5.2a and 5.2b show the results of dynamic mechanical analysis. The storage (E‟) 
and loss (E”) modulus of each film were measured between -20 to 80ºC. Comparisons 
between film DMA results and film mechanical properties were made at 20ºC (ambient 
temperature) to reflect the temperature of films during mechanical testing.  
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Figure 5.2a: DMA storage modulus (E’) of the various starches. 
 
Figure 5.2b: DMA loss modulus (E”) of the various starches. 
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5.2.8 Film DMA properties of native starches 
Gelose 80 film has the highest storage modulus (19.5 GPa) and highest loss modulus 
(0.991 GPa) at 20ºC. The film was the most brittle. The high loss modulus, relative to 
storage modulus (tan δ) shows that under stress Gelose 80 film dissipates energy poorly. 
Potato starch film has the lowest storage modulus (10.3 GPa). Potato starch had better 
elastic and visco-elastic properties than other native starch based films. Avon starch has 
the lowest loss modulus (0.639 GPa). Avon films had a better visco-elastic response in 
comparison to Gelose 80 film. As amylose content increased storage modulus increased. 
The same relationship was not observed for loss modulus.  
 
5.2.9 Film DMA properties of a modified starch 
In comparison to Gelose 80 film, Eco Film based films had the lowest storage (9.24 GPa) 
and lowest loss modulus (0.568 GPa) at 20ºC. The DMA properties of Eco Film starch 
films were significantly lower that all other native starch films. Eco film starch films had a 
low storage modulus indicating that the material can undergo some elastic deformation 
under mechanical stress. The low loss modulus in Eco film starch films, relative to storage 
modulus (tan δ), allows excess energy to readily dissipate. The low loss modulus suggests 
a high cohesive material strength.  
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5.2.10 Film damping factor (Tan δ)  
Figure 5.3 shows the tan δ traces for each starch based film. 
 
 
Figure 5.3: Tan δ values for each starch film. 
5.2.11 Film damping factor of native starches 
Avon starch film had the lowest tan δ trace and therefore dissipates energy poorly.  Among 
the native starches, potato starch has the highest tan δ trace.  
 
5.2.12 Film damping factor of a modified starch 
In comparison to Gelose 80 films, Eco Film starch film has higher tan δ values and hence 
the greatest damping factor and is the best film for energy dissipation. Eco Film starch film 
has a higher tan δ in comparison to all other native starches examined. 
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5.2.13 Glass transition of native starch films 
The tan δ gradient of potato and Avon starch films indicate that they soften at temperatures 
above 40ºC. Gelose 50 shows a Tg of 70ºC. Gelose 80 does not display any significant 
transitions in the temperature range of -20 to 80°C, except for a small peak at 40ºC, which 
shows thermal molecular relaxation above this temperature. Potato starch shows a thermal 
transition at 48ºC. Potato starch film has a Tg at -5 and 48ºC. Avon starch appears to have 
a Tg around 80°C. A small Tg for Gelose 80 is observable at 40°C. 
5.2.14 Glass transition of a modified starch film 
A Tg was not observed for Eco Film starch film. It is believed to be less than -20°C. 
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5.3 Conclusion 
Native starch film showed increases in crystallinity as amylose content increased. Gelose 
80 had the highest level of crystallinity (16%). 
Native starch films show a reduction in elongation at break, an increase in ultimate tensile 
stress and Young‟s modulus with increasing amylose content. Gelose 80 (highest amylose 
content) had the lowest elongation at break (0.3 mm), the highest Young‟s modulus 
(1915 MPa) and the highest ultimate tensile stress (45 MPa). By comparison, Eco Film 
starch films, had the highest elongation at break (4.2 mm), the lowest modulus (894 MPa) 
and lowest tensile strength (26 MPa).  
Among the native starches, Gelose 80 based film has the highest storage modulus 
(19.5 GPa) and highest loss modulus (0.991 GPa) at 20ºC. The film was the most brittle. In 
comparison to Gelose 80 film, Eco Film based films had the lowest storage (9.24 GPa) and 
lowest loss modulus (0.568 GPa) at 20ºC. The DMA properties of Eco Film starch films 
were significantly lower that all other native starch films. All films showed a change in the 
tan δ gradient above 40ºC. 
There appears to be a correlation between starch amylose content, film crystallinity and 
mechanical properties. Although the amylose content in Gelose 80 and Eco Film starch is 
the same, differences in mechanical properties are due to hydroxypropyl modification in 
the Eco Film starch. Thus, with the exception of the chemically modified Eco Film starch, 
film crystallinity increased with increasing amylose content, and an increase in film 
crystallinity correlated with an increase in Young‟s modulus and a decrease in elongation 
at break. Gelose 80 and Gelose 50 showed the highest film crystallinity and subsequently 
the highest Young‟s modulus, storage and loss modulus (for a given temperature) and 
lowest elongation before break and damping factor. Eco Film and Potato starch films had 
low relative crystallinity, low modulus and high elongation.  
Eco Film had the lowest storage and loss modulus and the highest damping factor of all 
films tested. Second to Eco film is potato starch. Potato starch produced films that 
exhibited low storage and loss modulus and a high damping factor. The relatively low 
amylose content in potato starch resulted in a low film crystallinity. The natural phosphor 
content in potato starch may help provide film plasticisation by binding water molecules 
within the starch amorphous structure. Potato starch is good choice for thermoplastic film 
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production, its relatively low glass transition temperature (48 ºC) creating soft flexible 
film.  
Gelose 80, Gelose 50 and Avon starch produced films with undesirable thin film 
properties. Gelose 80 and 50 starches made brittle films that had very low elongation and 
shattered under mechanical stress. Avon starch films were better, though they only 
provided a small amount of elongation before break.   
Though all of the selected starches could be successfully processed into films, only two 
(Eco Film and Potato starch) had desirable thin film mechanical properties. The nature of 
these two materials suggests that thermoplastic starch thin films can be produced from 
chemically modified or phosphorylated starches. 
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Chapter 6: Modification of starch 
using reactive dyes 
Reactive dyes are manufactured to have a high fixation rates to cotton, wool, nylon, 
cellulose and other natural and synthetic fibres. Reactive dyes covalently bond a 
chromophore to a substrate and are not easily washed away. Other dye types do not form 
covalent bonds and rely on Van der Waals forces and hydrogen bonding to stay fixed to a 
substrate. Reactive dyes usually have one to three reactive groups; a mono, di or tri-
chlorine substituted triazine, a mono, di or tri-fluoro substituted triazine or a vinyl sulfone 
group. 
Reactive dyes are used in aqueous media and take part in two competing reactions. The 
first reaction is water hydrolysis of the dye, which prevents reaction with a substrate fibre. 
The second is a nucleophilic substitution which covalently fixes the dye to the fibre. 
Fixation is typically between 50 and 80% and pH dependant. A salt is often used to 
increase reaction efficiency [222]. Table 6.1 lists commercial reactive dyes and their 
associated reactive groups [223].  
Table 6.1: List of commercial reactive dyes and reactive group. 
Commerical Dyes Reactive Group 
Procion MX dichlorotriazine 
Procion H monochlorotriazine 
Cibacron F monofluorotriazine 
Drimarine K chlorodifluoropyrimidine 
Drimarine X trichloropyrimidine 
Levafix E dichloroquinoxaline 
Remazol sulfatoethylsulfone 
Remazol D sulfatoethylsulfonamide 
 
Two reactive group chemistries are used by reactive dyes. Either a halogen atom on a 
triazine ring is displaced by an alcohol forming an ether, or a sulfatoethylsulfone group 
undergoes a Michael addition reaction between nucleophile and activated alkene to form a 
ether bond. Figure 6.1 shows the reaction mechanisms for both Procion MX 
(dichlorotriazine reactive group) and Remazol (sulfatoethylsulfone reactive group) reactive 
dyes.  
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Reactive dyes should be able to attach to starch molecules because starch has a similar 
molecular chemistry to cellulose. If the chemical substitution of dye molecules onto starch 
is similar to cellulose, film made using the modified starches, can be tested for changes in 
mechanical properties.  
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Figure 6.1: Reactive mechanism of both Procion (dichlorotriazine) and Remazol (sulfatoethylsulfone) reactive dyes. R represents the remainder of the 
molecule (not shown for clarity).
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Remazol Black B Remazol Turquoise G Procion Red MX5B Procion Turquoise MXG 
 
   
Figure 6.2: Chemical structure of Remazol Black B and Remazol Turquoise G, and Procion Red MX5B and Procion Turquoise MXG. 
Both turquoise dyes have the same chromophore and only differ in reactive molecule. Remazol Black B has two functioning vinyl sulfone 
groups and can act as a crosslinker provided both groups react with a fibre and do not hydrolyse. Both Procion dyes rely on di-chloro triazine 
reactive groups. The chloro triazine groups require a stoichiometric amount of base to react with the hydrogen chloride that is released upon 
reaction. The resulting salt will remain in the reacted fiber or starch film after processing. Vinyl sulfone addition is preferred because the 
Michael addition leaves no by-products. 
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The degree of substitution on a starch molecule will impact the mechanical properties of 
the films it produces. Eco Film hydroxypropylated starch has a degree of substitution of 
0.13 (National Starch, USA). Hydroxypropyl groups limit the ability of amylose molecules 
to coil and align with one another [155, 156]. Degree of substitution refers to the grafting 
amount per monomer. The highest degree of substitution (DS) possible for a starch 
monomer is 3, as there are three available alcohols for reaction on a starch monomer 
(discounting the number 1 and 4 carbon alcohols used in monomer linkage). A DS of 0.1 
indicates one hydroxypropyl unit per 10 monomers. DS values can vary between 0.01 and 
1.5 depending on the manufacturer and desired starch properties. Xu and Seib 
independently analysed eight hydroxypropylated wheat starches and found a range of DS 
between 0.05 and 0.23, and that 67 to 78% of the substitution took place at the C2 position 
[224]. Earlier, Wootton and Haryadi reported that 94% of hydroxypropylation took place 
at the C2 position (Figure 6.3).  
 
Figure 6.3: Starch monomer displaying carbon numbering. 
Reactive dyes exhibit a wide range of chemical structures, though they usually contain 
either aromatic or heterocyclic groups [225]. Anthoulias et al. successfully coloured nylon-
6,6 fibres with the reactive dye DyStar brand Stanalan Yellow, Stanalan Brilliant Blue and 
Stanalan Dark Red (2% w/v). Dye fixation varied from 40 and 60% after washing [226]. 
Choi et al. used reactive dyes to colour soya fibre, noting that reactive dyes have high 
levels of fixation and dye exhaustion. Di-fluoride reactive groups were observed to have 
the best fixation, followed by mono fluorotriazine and vinyl sulfone [227]. Paluszkiewicz 
et al. modified reactive dyes to be used as UV absorbers on cellulose fibres [228].  
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In chapter 5 the mechanical properties of Gelose 80 and Eco Film based films was 
presented. The results show that chemical modifications can significantly change starch 
film crystallinity and mechanical properties. The purpose of this chapter is to measure 
changes in crystallinity and mechanical properties of films made using starches modified 
by reactive dyes, and to determine the suitability of the reactive molecules chloro triazine 
and vinyl sulfone (found on reactive dyes) to successfully modify native starches.  
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6.1 Materials and Methods 
Two di-chloro triazine (Procion) and vinyl sulfone (Remazol) reactive dyes were selected 
for experimentation (Table 6.2). These reactive dyes are commonly cited in the literature 
and have maximum absorption peaks in the visible light spectrum. Figure 6.2 displays the 
chemical structure of each dye. 
Table 6.2: Reactive dyes selected for experimentation 
Reactive Dye Reactive Group Maximum absorption 
peak (nm) 
Literature references 
Remazol Black B Di-chlorotriazine 600 [222, 223, 225-234] 
Remazol Turquoise G Di-chlorotriazine 620 
Procion Red MX5B Vinyl sulfone 510 
Procion Turquoise MXG Vinyl sulfone 665 
 
 
6.1.1 Starch / dye extrusion 
Gelose 80 starch, dye and hydrated sodium sulphate mixtures were prepared. A mixture of 
90% w/w starch, 5% w/w dye and 5% w/w sodium sulphate was hydrated to 117% MC 
using tap water in 500g batches. The slurry was adjusted to pH 10 using sodium 
hydroxide. Batches were mixed for 10 min using a Kenwood dough mixer. After mixing 
the slurry was extruded using an Axon B-12 single screw extruder and formed into films 
using a hot press.  
 
6.1.2 Dynamic Mechanical Analysis 
Sample dimensions were 10 mm length, 6 mm width and a 450 to 600 μm thickness.  
 
6.1.3 Dye fixation 
Dye fixation was measured using a Cary UV-Visible spectroscopy. Reacted starch-dye 
pellets were weighed and soxhlet extracted in a known quantity of ethanol for 12 h. An 
aliquot of the resulting coloured ethanol wash was analysed using the maximum 
absorption peak for each dye. Calibration curves were prepared using stock solutions of 
known dye concentration.  
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6.2 Results and Discussion 
6.2.1 Degree of substitution in starch-dye composites 
Eco Film starch has a degree of substitution (DS) of 0.1 and is made by reacting propylene 
oxide with Gelose 80. Using a molar mass of 162 g/mol for a starch monomer and 
58.08 g/mol for propylene oxide, approximately 17% w/w of propylene oxide is required 
to achieve a DS of 0.1 (assuming 100% reaction efficiency). 
For starch-dye composites to achieve the same DS (0.1) a greater proportion of reactive 
dye relative to starch is required. Table 6.3 displays the average molar mass of the four 
reactive dyes, and the amount required for a DS of 0.1. 
Table 6.3: Amount of dye required to obtain DS of 0.1 assuming 100% reaction efficiency. 
Dye Chemical Formula 
Average 
molar mass 
g/mol 
Amount (w/w%) 
required for DS 0.1 
assuming 100% reaction 
efficiency 
Propylene Oxide C3H6O 58.08 17 
Procion Turquoise 
MXG 
C38H22O12S2N18Cl4 1128.52 69.7 
Remazol Turquoise 
G 
C40H36O18S6N10 1136.81 70.2 
Procion Red MX5B C19H12O7S5N6Cl2 667.27 41.2 
Remazol Black B C26H25O18S6N5 887.54 54.8 
 
Among the reactive dyes tested, Procion Red MX5B has the lowest molar mass and hence 
requires the lowest amount of dye addition relative to starch to produce a DS of 0.1 
(approximately one propylene group for every 10 glucose units), assuming 100% reaction 
efficiency.  
The calculated addition ratio of reactive dye to starch was significantly higher than the 
addition ratio of propylene oxide to starch. To examine the effect that a large chromophore 
on the Gelose 80 starch the targeted DS was revised down so that dyes were added at 5% 
w/w to achieve a DS of approximately 0.001 (one chromophore every 1000 glucose units). 
This adjustment also improved the processing of starch dye composites in the extruder.  
The DS of starch-dye composites at a DS of 0.001 is presented in Table 6.4. 5% w/w of 
dye (depending on molar mass) at a reaction efficiency of 80% offers starch DS values 
between 0.0019 and 0.0032. 
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The 5% w/w dye modified samples however, showed similar or worse performance than 
the control. Ugbolue et al. recorded similar results when modifying PET fibres, noting that 
dye addition causes elongation at break to decrease and initial modulus to increase [233].  
Table 6.4: DS of starch-dye composites 
Starch-dye composites DS 
Gelose 80 + Procion Red MX5B 0.0032 
Gelose 80 + Procion Turquoise MXG 0.0019 
Gelose 80 + Remazol Turquoise G 0.0019 
Gelose 80 + Remazol Black B 0.0024 
 
6.2.2 Determination of dye fixation using Nuclear Magnetic Resonance 
Starch treated with reactive dyes was examined using Nuclear Magnetic Resonance for 
evidence of dye-starch bonding. Results were inconclusive because results due to high 
starch molar mass (no „tumbling‟ of molecules in solution) low starch solubility and pH 
variability factors.  
6.2.3 Determination of dye fixation using UV-Visible Spectrometry 
Soxhlet extractions were made using acetone, methanol, ethanol and water / solvent 
blends. Starch was more insoluble in ethanol and the unbound reactive dye was highly 
soluble in the ethanol phase. UV-Visible calibration curves were generated using serial 
dilutions. Aliquots of the ethanol phase were used to determine the amount of unbound 
dye. Results are shown in Table 6.5.  
Table 6.5: Reaction efficiency of reactive dyes with Gelose 80. 
Starch-dye composites Reaction efficiency (%) 
Gelose 80 + 5% w/w  Procion Red MX5B 81.9 
Gelose 80 + Procion Turquoise MXG 77.2 
Gelose 80 + Remazol Turquoise G 75.5 
Gelose 80 + Remazol Black B 75.4 
 
Procion Red MX5B had the highest reaction efficiency (81.9%). Procion Turquoise MXG 
showed the second highest reaction efficiency (77.2%) followed by Remazol Black B 
(75.5%) and Turquoise G (75.4%). Both Procion chloro-triazine based dyes showed higher 
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reaction efficiencies than the Remazol vinyl sulfone dyes. The reaction efficiency of Eco 
Film starch was not disclosed by the supplier. 
 
 
6.2.4 Film crystallinity at DS 0.001 
Figure 6.4 shows the X-ray diffraction patterns of starch-dye films seven days after being 
formed. Starch films crystallinity values are show in Table 6.6. Crystallinity values were 
made using the method discussed in Chapter 4.  
 
 
Figure 6.4: X-ray spectra of starch-dye composites. 
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Table 6.6: Crystallinity of starch-dye composites. 
Starch-dye composites Crystallinity (%) 
Gelose 80 18 
Gelose 80 + Procion Turquoise MXG 18 
Gelose 80 + Remazol Turquoise G 17 
Gelose 80 + Procion Red MX5B 10 
Gelose 80 + Remazol Black B 8 
Eco Film 2 
 
The crystallinity of the Gelose 80 control film was 18% and the Eco Film control film had 
a crystallinity of 2%. The crystallinity of Gelose 80 films containing Procion MXG and 
Remazol G (both turquoise chromophores) was not significantly different to the Gelose 80 
control. The film made with Gelose 80 + Procion Red MX5B film had a crystallinity of 
10%, the highest fixation efficiency (81.9%) and possessed the small chromophore and 
molar mass (667.27 g/mol). Gelose 80 + Remazol Black B film showed a crystallinity of 
8%.  
 
6.2.5 Dynamic mechanical analysis of starch-dye composites 
DMA was used to measure the mechanical properties of the films (Table 6.7). Gelose 80 
control films had a storage modulus of 19.0 GPa, a loss modulus of 0.97 GPa and tan δ of 
0.051. Eco Film control film had the lowest storage modulus (9.5 GPa), lowest loss 
modulus (0.57 GPa) and highest tan δ (0.06). 
Among the starch-dye composites, Procion Red MX5B showed the lowest storage 
modulus (18.9 GPa) and the lowest loss modulus (0.87 GPa). Remazol Turquoise G had 
the highest storage modulus (84.4 GPa). Procion Turquoise MXG had the highest loss 
modulus (1.22 GPa). 
Remazol Black B films had the lowest crystallinity (8%) but were too brittle to be tested 
by DMA (even with reduced initial force). Remazol Black B has two vinyl sulfone reactive 
groups and cross-linking reactions between the dye and starch molecules may have made 
the film brittle and reduced crystallinity. Procion Turquoise MXG and Remazol Turquoise 
G films had a higher storage modulus compared with the Gelose 80 control.  
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Table 6.7: DMA storage modulus and loss modulus of starch-dye composites. 
Starch / Dye Storage modulus 
(E’) GPa 
Loss modulus (E”) 
GPa 
Tan δ 
Gelose 80  19.0 0.97 0.051 
Gelose 80 + Procion 
Turquoise MXG 
57.9 1.22 0.021 
Gelose 80 + Remazol 
Turquoise G 
84.4 0.99 
 
0.011 
Gelose 80 + Procion MX5B 16.9 0.88 0.052 
Gelose 80 + Remazol Black 
B 
Failed, to brittle Failed, to brittle Failed, to 
brittle 
Eco Film  9.5 0.57 0.06 
 
 
6.2.6 Higher DS trials with Procion Red MX5B 
Procion Red MX5B was selected for molecular modelling and experiments at a higher DS 
because it produced a starch-dye composite film with one of the lowest crystallinities 
(10%) and film with the lowest storage and loss modulus.  
 
6.2.7 Molecular modelling of starch-dye composites 
Figure 6.5 shows molecular models of an amylose alpha helix, an hydroxypropylated 
amylose alpha helix (DS 0.1) and a Procion Red MX5B substituted alpha helix (DS 0.1). 
The difference in size and conformation between the three helixes, and the size of the dye 
molecule in relation to the amylose chain, are presented. The models all show grafting at 
the C2 position. Molecular modeling shows the effect of different grafts on helix 
conformation. The molecular modeling does not take irregular grafting or entanglements 
into account. 
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Molecule Model, horizontal view Front view 
Amylose 
  
Eco Film 
(HP) 
amylose 
  
Amylose + 
Procion red 
MX5B 
modification 
at C2  
 
 
Figure 6.5: Molecular modelling of amylose alpha helix, Eco Film (hyrdoxypropylated alpha helix) and Procion red MX5B reactive dye modified alpha helix
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6.2.8 Film crystallinity of 25% w/w Procion MX5B film (DS 0.01) 
Gelose 80 starch was modified using 25% w/w of Procion Red MX5B to achieve a DS 
value of 0.01 (81% reaction efficiency). Figure 6.6 shows the X-ray spectra comparison of 
films made using Gelose 80, Gelose 80 + 5% MX5B, Gelose 80 + 25% MX5B and Eco 
Film starch. Films were equilibrated for seven days at 23ºC and 50% RH before being 
analysed.  
 
 
Figure 6.6: X-ray spectra comparison of Gelose 80, Gelose80 + 5% MX5B, Gelose 80 + 25% 
MX5B, and Eco Film film. 
The Eco Film control film showed minor residual B type crystallography and a total film 
crystallinity of 2%. The Gelose 80 control film showed the highest crystallinity (18%). The 
Gelose 80 + 25% w/w MX5B film had an amorphous X-ray diffraction pattern (0% 
crystallinity). The sharp peaks observed around 30º 2θ were not from starch and may be 
from salts used during the extrusion process, or background diffraction from X-ray sample 
holders. By comparison, the Gelose 80 + 5% MX5B film had a crystallinity of 12%. 
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6.2.9 Mechanical properties of 25% w/w Procion MX5B film (DS 0.01) 
Figure 6.7 and Table 6.8 shows the results of mechanical testing films made from Gelose 
80, Gelose 80 + 5% MX5B, Gelose 80 + 25% MX5B and Eco Film.  
 
Figure 6.7: Stress versus elongation for films made from Gelose 80, Gelose 80 + 5% MX5B, 
Gelose 80 + 25% MX5B and Eco Film. 
Table 6.8: Mechanical testing results. 
Film Elongation at Break (mm) Tensile strength (MPa) 
Gelose 80 0.7 38 
Gelose 80 + 5% MX5B 0.65 28 
Gelose 80 + 25% MX5B 1.3 17 
Eco Film 3.9 20 
 
The Gelose 80 film had the lowest elongation at break (0.7 mm) and the highest tensile 
stress (38 MPa). The Eco Film control film had the highest elongation at break (3.9 mm) 
and a tensile strength of 20 MPa.  
The elongation at break for films with 5% w/w MX5B were not significantly different to 
the Gelose 80 film control.  Film made using 25% w/w MX5B films had a greater 
elongation at break (1.3 mm) in comparison to the Gelose 80 control (0.7 mm) or the 5% 
MX5B sample (0.65 mm). Films made using 25% MX5B had a tensile strength (17 MPa) 
similar to the Eco Film starch film (20 MPa). 
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6.3 Conclusion 
Starch-dye composites were made by reacting Gelose 80 with Procion MXG and MX5B 
(chloro-triazine reactive groups) and Remazol G and Black B (vinyl sulfone reactive 
groups). Reaction efficiencies were between 75.4 to 81.9%. 
Films produced from starch-dye composites were analysed for crystallinity. The reaction 
of Gelose 80 with 5% w/w Procion MX5B produced films with a crystallinity of 10%. 
Gelose 80 films and Eco Film starch films had a crystallinity of 18% and 2% respectively. 
Films produced using Gelose 80 and 25% w/w Procion MX5B had amorphous X-ray 
spectra (0% crystallinity). 
Films produced from starch-dye composites were analysed for mechanical properties using 
DMA testing. Gelose 80 with 5% w/w Procion MX5B produced films with a storage 
modulus of 16.9 GPa and loss modulus of 0.88 GPa. Gelose 80 films had a storage 
modulus of 19.0 GPa and a loss modulus of 0.95 GPa. Eco Film starch films had a storage 
modulus of 9.5 GPa and a loss modulus of 0.57 GPa.  
The Gelose 80 film had the lowest elongation at break (0.7 mm) and the highest tensile 
stress (38 MPa). The Eco Film control film had the highest elongation at break (3.9 mm) 
and a tensile strength of 20 MPa. Films produced using Gelose 80 and 25% w/w Procion 
MX5B had an elongation at break of 1.3 mm and a tensile strength of 17 MPa. 
Chloro-triazine and vinyl sulfone molecules can be used as an alternative to propylene 
oxide for the chemical modification of starch. Of the two reactions, the Michael addition 
of the vinyl sulfone reaction is preferred as it results in no chloride or salt by-products. 
Both reactive molecules showed high fixation to starch. Given the large chromophore 
molar mass size associated with reactive dyes they are, in themselves, a poor choice for 
starch chemical modification, as a high starch DS requires a large relative mass of dye. 
Chloro-triazine and vinyl sulfone molecules do however offer an interesting alternative to 
propylene oxide for the chemical modification of starch. An attempt to produce chloro-
triazine activated PEG (using cyanuric chloride as a precursor [235]) to enhance starch 
film mechanical properties was made, though a large enough quantity for film preparation 
was not successful, it would be excellent scope for future work. A small, water soluble, 
polar molecule containing a chloro-triazine or vinylsulfone reactive group could still offer 
a viable reactive extrusion method of starch modification. Such a molecule would have 
high reaction efficiency, would not migrate or evaporate from the starch molecular 
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structure, could be reactively extruded and could effect changes in film mechanical 
properties in a similar manner to the hydroxylpropylation of starch. 
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Chapter 7: Starch films with enhanced 
mechanical properties through 
phosphorylation.  
Eco Film starch, formed through the reaction of starch and propylene oxide, gives superior 
mechanical film properties in comparison to Gelose 80 starch films [156]. 
Hydroxypropylation of starch prevents retrogradation, and produces transparent flexible 
films with increases elongation compared to native starches [155, 157].  
Phosphorylation of starch is another effective means of modifying starch. The 
phosphorylation of starch in the food industry is well documented [236]. Potato starch has 
the highest natural phosphate content. Potato starch films show good mechanical 
properties [84] however the mechanical properties vary depending on potato cultivar 
[237], due to phosphor content.  
Potato amylopectin has the largest starch phosphate mono-ester content of all native 
starches, and on average has one mono phosphate ester per 317 glucose units [217]. Most 
amylopectin molecules contain small amounts of phosphate mono-ester groups (0.1 – 1%) 
depending on starch botanical origin that are linked to O-2, O-3 or O-6 hydroxyl groups 
[238]. The function of starch phosphate in the starch metabolic system is not clear but it 
has been shown that starch phosphorylation occurs during starch biosynthesis [239] and 
may be related to starch branching enzymes.  
Starch phosphates are usually grouped into one of two categories, starch phosphate mono-
esters and di or multi-esters. Mono-esters are formed when a starch hydroxyl group is 
esterified with only one of the three acidic groups of phosphoric acid. Di or multi-esters 
are formed when more than one of the acidic groups are esterified [240]. Generally mono-
esters are more prevalent on a starch chain [241]. Chemically prepared starch mono-
phosphates are prepared through the reaction of ortho, meta, pyro or tripolyphosphoric 
acids and starch [242, 243].  
Solid phase starch phosphate reactions were first purposed by Paschall, where sodium 
dihydrogen phosphate and disodium hydrogen phosphate are dissolved through starch then 
reacted in a vacuum oven [242]. Sitohy et al. investigated methods to optimise the Paschall 
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reaction. Reaction temperatures above 170ºC tended to brown the product, and an 
optimum temperature was found at 160ºC. Another reaction optimum was found to include 
a reaction pH of 6 and a 3 h reaction time [243]. Chang et al. produced starch phosphates 
through the reactive extrusion of tripolyphosphate [240]. 
O‟Brien et al. used a reactive extrusion process to create starch phosphor mono-esters as 
an agent for sustained drug release. They examined starches of varying amylose content 
and natural potato starch. Waxy corn and potato starches showed reduced crystallinity after 
reaction. They observed that phosphorylation efficiency decreased with increasing 
amylose content. Phosphorylated starches showed increased swelling power and 
phosphorylated high amylose films contained less molecular entanglements and dissolved 
faster than those with amylopectin [162].  
Sitohy et al. phosphorylated various native starches, processed them into films and 
investigated their acid and enzyme hydrolysis properties. Mechanical properties were not 
analysed, however, phosphorylated starches were generally less susceptible to acid and α-
amylase hydrolysis than the control non-phosphorylated starches. Reduction in the degree 
of acid or α-amylase hydrolysis was inversely proportional to the degree of phosphate 
substitution. They concluded that phosphorylated starches can enhance compostability in 
biodegradable plastic bags [244].  
The phosphorylation of starch may produce starch based films with greater flexibility, 
elongation and plasticisation. Gels and pastes made from phosphorylated starches are 
known to have high transparency, viscosity and short texture [245]. The purpose of this 
chapter was to investigate mechanical property changes in thermoplastic starch films 
modified by phosphorylation.  
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7.1 Materials and Methods 
7.1.1 Starch selection 
Three different starches were used to produce starch phosphate esters; Gelose 80, Eco Film 
and potato starches. 
 
7.1.2 Starch phosphate ester preparation 
Starch mono-ester phosphates were prepared by the Paschall method. Mono sodium 
phosphate and disodium phosphate were mixed to produce solutions of the two in 
concentrations of 0.01 mol/L, 0.1 mol/L and 0.3 mol/L. Phosphate salts were dissolved in 
200 mL water. The solution pH was adjusted to 6 using 2 mol/L HCl. 100 g of starch was 
then added to the solution and stirred at 40ºC for ten minutes. The slurry was then filtered 
using a Buchner funnel with 10 μm retention medium flow filter paper and oven dried at 
40ºC for 1 h. The dried product was ground using a mortar and pestle and oven dried again 
at 65ºC for 90 min. The reaction between the starch and phosphate was produced by 
heating the dried product at 160ºC for 3 h in a vacuum oven at 200 mbar. After cooling the 
reacted product was slurried in 50% aqueous methanol and oven dried overnight at 40ºC.  
 
7.1.3 Starch phosphate ester film production 
The starch phosphate product was hydrated to 30% moisture content, sieved and then 
placed in a 15 cm
2
, 500 μm deep die and pressed in a hot press at 120ºC at 20 t of load for 
5 min. Films were equilibrated at 23ºC and 50% relative humidity for seven days.  
 
7.1.4 Determination of starch phosphate content 
Starch phosphate content was determined by UV-Visible spectroscopy. 10 g of each 
reacted starch product was washed with ethanol for 24 h using a soxhlet extraction system. 
The washed phosphorylated starch (10 g) was dried and digested in 50 mL of 2M HCl at 
50ºC for 4 h, until the starch was dissolved. Aliquots of the dissolved product were reacted 
with a combined reagent to form coloured compounds which was compared to phosphoric 
acid and combined reagent UV-Visible calibration standards.  
Page | 118  
 
7.1.5 Combined reagent 
The combined reagent was created by dissolving 0.65 g of antimony potassium tartrate in 
2 L of Milli-Q™ water. 28 g of ammonium molybdate was added and then 350 mL of 
concentrated sulphuric acid. The mixture was then made up to a 5 L standard. 10 mL 
aliquots of the digested starch phosphors were added to 10 mL of combined reagent and 
made up to 50 mL standards. UV-Visible measurements were made at 882 nm within 
30 min of adding combined reagent. Calibration standards were made by making a 50 mL 
standard containing a known concentration of phosphoric acid and 10 mL of combined 
reagent and then carrying out serial dilutions.  
 
7.1.6 X-ray analysis 
X-ray scattering analysis was made using a Bruker ASX NanoSTAR with 2D High Star 
detector. CuKα radiation (wavelength 0.1542 nm) was used with at 40 kV and 40 mA. The 
detector to sample distance was set to 4 cm giving a spectral 2θ range of 2 to 40º. 
Irradiation time was 3 h.  
 
7.1.7 Dynamic mechanical analysis 
All DMA measurements were conducted at 25ºC using a Perkin Elmer Diamond DMA. 
Applied strain was 20 μm and the frequency was 1 Hz. Sample dimensions were 10 mm 
length, 6 mm width and a thickness variation of 450 to 600 μm.  
 
7.1.8 Stress – strain analysis 
All stress-strain testing was conducted using an Instron™ 4465 universal test instrument. 
Samples were prepared and tested according to ASTM D638 with type IV test specimens. 
A 5 kN load cell was used at a strain rate of 2 mm/min. 
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7.2 Results and Discussion 
7.2.1 DS and phosphorylation efficiency of starch films 
Table 7.1 shows the DS and phosphorylation reaction efficiency for Gelose 80, Eco Film 
and potato starch.  
Table 7.1: DS and phosphorylation efficiency of starch films. 
Starch Phosphate 
concentration 
(mol/L) 
DS due to 
phosphorylation 
treatment 
Total DS Reaction 
efficiency (%) 
Gelose 80 0 0 0 0 
Gelose 80 0.01 0.047 0.047 29 
Gelose 80 0.1 0.044 0.044 27 
Gelose 80 0.3 0.045 0.045 28 
Eco Film  0 0 0.130 0 
Eco Film 0.01 0.045 0.175 28 
Eco Film 0.1 0.050 0.180 31 
Eco Film 0.3 0.065 0.195 40 
potato  0 0 0.004 0 
potato 0.01 0.070 0.074 43 
potato 0.1 0.083 0.087 51 
potato 0.3 0.094 0.098 58 
 
7.2.2 DS and reaction efficiency of Gelose 80 and potato starch 
The DS of monophosphate esters in native potato starch was 0.004. The total DS of potato 
starch increased to 0.098 when treated with 0.3 mol/L phosphate. The total DS of Gelose 
80 increased to 0.045 when treated with 0.3 mol/L phosphate. The change in DS was 
greater for potato starch (0.094) in comparison to Gelose 80 (0.045) when treated with 
0.3 mol/L phosphate. The reaction efficiency of potato starch treated with 0.3 mol/L 
phosphate was 58%. The reaction efficiency of Gelose 80 starch treated with 0.3 mol/L 
phosphate was 28%.   
Phosphorylation, both natural and chemical, occurs mostly on the amylopectin fraction 
[246-248]. The phosphorylation reaction efficiency increases with amylopectin content. 
The phosphate esters already present on potato starch molecules can also form stable 
polyphosphates [249], leading to higher reaction efficiency, but no change in DS.  This 
may explain the higher DS and reaction efficiency observed between Gelose 80 and potato 
starch. 
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7.2.3 DS and reaction efficiency of Gelose 80 and Eco Film 
The total DS of Eco Film increased from 0.130 to 0.195 when treated with 0.3 mol/L 
phosphate, a DS change of 0.065. The total DS of Gelose 80 increased to 0.045 when 
treated with 0.3 mol/L phosphate. The reaction efficiency of Eco Film starch treated with 
0.3 mol/L phosphate was 40%. The reaction efficiency of Gelose 80 starch treated with 
0.3 mol/L phosphate was 28%.  The DS attributed to phosphorylation on Eco Film starch 
(0.065) appeared to be unaffected by the existing hydroxypropylation treatment. It is 
possible that mono-phosphate esters may have formed on existing starch-hydroxypropyl 
groups. 
 
7.2.4 X-ray analysis 
Figure 7.1a, 7.1b and 7.1c show the X-ray scattering patterns for phosphorylated Gelose 
80, Eco Film and potato starch films. Table 7.2 lists calculated film crystallinities.  
 
 
Figure 7.1a: X-ray scattering analysis of phosphorylated Eco Film. 
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Figure 7.1b: X-ray scattering analysis of phosphorylated potato starch film. 
 
Figure 7.1c: X-ray scattering analysis of phosphorylated Gelose 80 starch film. 
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Table 7.2: Film crystallinities for each starch and phosphate concentration 
Starch Phosphate 
concentration 
(mol/L) 
Film Crystallinity 
(%) 
Gelose 80 0 16.0 
Gelose 80 0.01 16.2 
Gelose 80 0.1 16.4 
Gelose 80 0.3 16.2 
Eco Film  0 3.2 
Eco Film 0.01 7.6 
Eco Film 0.1 7.1 
Eco Film 0.3 6.6 
potato  0 13.2 
potato 0.01 6.6 
potato 0.1 5.8 
potato 0.3 4.3 
 
 
7.2.5 Phosphorylated Eco Film starch film X-ray spectra 
The X-ray spectra of 0.01, 0.1 and 0.3 mol/L phosphorylated Eco Film displayed a 
different diffraction pattern to the control. The control sample shows V type crystallinity, 
represented by peaks at 7º and 20º 2θ. The 0.01, 0.1 and 0.3 mol/L spectra feature peaks at 
7º, 20º and 16º 2θ. The peaks at 7º and 20º are from V type crystal structure however the 
peak at 16º is of unknown crystallographic type and may be the result of a V-type 
allomorph arising from starch phosphate esters. The X-ray scattering intensity and area 
decreased with increasing phosphorylation. With respect to the control, total scattering 
area decreased by 3.8% for the 0.01 mol/L film, 5.1% for the 0.1 mol/L film and 14.6% for 
the 0.3 mol/L film. The higher the phosphorylation level the more the X-ray spectra 
resembled an amorphous film.  
 
7.2.6 Phosphorylated Potato film X-ray spectra 
The control potato film displayed a residual B type crystallinity, with peaks at 16º, 18.6º 
and 21º 2θ. Phosphorylated films displayed the same diffraction pattern observed in 
phosphorylated Eco Film starch films, with peaks at 7º, 20º and 16º 2θ. The peaks at 7º and 
20º are from V type crystal structure however the peak at 16º is of unknown 
crystallographic type and may be the result of a V-type allomorph arising from starch 
phosphate esters. With respect to the control, total scattering area decreased by 13.5% for 
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the 0.01 mol/L film, 16.5% for the 0.1 mol/L film and 37.4% for the 0.3 mol/L film. The 
higher the phosphorylation level the more the X-ray spectra resembled an amorphous film. 
In an X-ray diffraction study of potato starch films Muhrbeck et al [250] reported an 
almost linear relationship between increasing starch phosphorylation and reduction of film 
crystallinity.  
 
7.2.7 Phosphorylated Gelose 80 film X-ray spectra 
The Gelose 80 control film displayed a B type crystal pattern with peaks at 7º, 12.5º, 16º, 
19º and 21º 2θ. X-ray spectra peak location was unaffected by phosphorylation. With 
respect to the control, total scattering area decreased by 1.9% for the 0.01 mol/L film, 
13.4% for the 0.1 mol/L film and 8.9% for the 0.3 mol/L film. 
Phosphorylated Eco Film and potato starch films displayed the same X-ray scattering 
patterns. The peaks at 7º and 20º 2θ are characteristic of V-type crystallinity (single helix 
structures) [42]. The Eco Film control does not display any characteristic A or B type 
diffraction peaks, and peak located at 16º 2θ in both the phosphorylated Eco Film and 
potato starch film is a result of starch phosphate esters forming a V type allomorph. 
An X-ray diffraction study by Muhrbeck et al [250] of phosphorylated potato starches with 
varying DS values found that phosphorylation of starch on C3 position had no effect on 
crystallinity, and only phosphorylation on the C6 position interfered with starch 
crystallinity and gelatinization enthalpy. The C3 carbons face towards the interior of the 
starch amylose helix or amylopectin double helix and C3 phosphates are deprived of 
interaction possibilities with other large molecules. After gelatinization Gelose 80 
retrograded (single V type helices) to a greater extent than Eco Film starch and potato 
starch. The low amylopectin content of Gelose 80, low phosphorylation efficiency and 
higher probability of C3 instead of C6 phosphorylation may have resulted in no observable 
changes in film crystallinity and mechanical properties.   
 
7.2.8 Dynamic mechanical analysis 
Figure 7.2 and Table 7.3 shows the DMA storage modulus and loss modulus of the Gelose 
80, Eco Film and potato starch phosphorylated films.  
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Table 7.3: DMA results of Gelose 80, Eco Film and potato starch phosphorylated films. 
Starch Phosphate 
concentration (mol/L) 
Storage modulus 
E’ (GPa) 
Loss modulus 
E” (GPa) 
Tan δ 
Gelose 80 0 15.36 3.31 0.215 
Gelose 80 0.01 15.91 3.93 0.247 
Gelose 80 0.1 15.98 4.92 0.307 
Gelose 80 0.3 NA NA NA 
Eco Film  0 9.29 2.04 0.219 
Eco Film 0.01 8.19 1.97 0.240 
Eco Film 0.1 6.48 1.52 0.234 
Eco Film 0.3 4.51 0.57 0.126 
potato  0 10.63 2.45 0.230 
potato 0.01 8.70 2.17 0.249 
potato 0.1 7.07 1.70 0.240 
potato 0.3 5.69 1.05 0.184 
 
 
 
Figure 7.2: DMA storage and loss modulus values for phosphorylated films at 25ºC 
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7.2.9 DMA of Gelose 80 films 
Gelose 80 control films had a storage modulus of 15.36 GPa and a loss modulus of 
3.31 GPa. All Gelose 80 films were brittle and the 0.3 mol/L Gelose 80 film could not be 
tested using DMA. Gelose 80 treated with 0.1 mol/L showed the highest storage (15.9 
GPa) and loss modulus (4.9 GPa) at 25ºC of all the films tested. 
 
7.2.10 DMA of Eco Film starch films 
The Eco Film control had a storage modulus of 9.68 GPa and a loss modulus of 2.43 GPa. 
Eco Film starch treated with 0.3 mol/L phosphate had a storage modulus of 4.51 GPa and a 
loss modulus of 0.57 GPa, a decrease of 53.3% and 76.4%, with respect to the Eco Film 
starch control. Phosphorylated Eco film starch films showed a decrease in storage and loss 
modulus, corresponding to improved elastic and visco-elastic response.  
 
7.2.11 DMA of potato starch films 
The potato starch control film had storage and loss modulus of 9.29 and 2.45 GPa, 
respectively. Potato film storage modulus and loss modulus decreased as phosphorylation 
increased. The storage modulus of the 0.3 mol/L potato starch film was 5.69 GPa and the 
loss modulus was 1.05 GPa, a decrease of 38.7% and 57.1% with respect to the potato 
starch control. Phosphorylated potato starch films showed improved elastic and visco-
elastic response. Potato starch contains a large amount of amorphous amylopectin and 
hence has a low crystallinity and no regular water channels. Starch phosphate esters help 
trap water within the amorphous network providing plasticisation [251]. 
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7.2.12 Stress–strain analysis 
Table 7.4 shows the results of mechanical stress–strain analysis on the films. Gelose 80 
films are not included because they were too brittle to be tested.  
Table 7.4: Stress strain results of phosphorylated starch films. 
Starch Film 
Phosphate 
concentration 
(mol/L) 
Elongation at 
Break (mm) 
Tensile 
Strength (MPa) 
Young’s Modulus 
(MPa) 
Eco Film 0 3.16 27.80 1320 
Eco Film 0.01 1.54 27.74 1350 
Eco Film 0.1 0.68 18.41 1322 
Eco Film 0.3 0.57 11.16 1107 
potato 0 1.82 28.27 1642 
potato 0.01 1.33 25.89 1625 
potato 0.1 0.79 23.53 1484 
potato 0.3 0.54 18.10 1209 
 
7.2.13 Phosphorylated Eco Film mechanical properties 
Eco Film samples showed a decrease in elongation at break with increasing 
phosphorylation. With respect to the Eco Film control elongation (3.16 mm), 0.01 mol/L 
Eco Film elongation at break decreased by 51% (1.54 mm), 0.1 mol/L Eco Film elongation 
decreased by 78.4% (0.68 mm) and the 0.3 mol/L film decreased by 81.9% (0.57 mm).   
Tensile strength decreased with increasing phosphorylation. With respect to the Eco Film 
control tensile strength (27.80 MPa), 0.01 mol/L Eco Film tensile strength decreased by 
0.21% (27.74 MPa), 0.1 mol/L Eco Film decreased by 33.7% (18.41 MPa) and 0.3 mol/L 
Eco Film decreased by 59.85% (11.16 MPa).  
The Young‟s modulus value of phosphorylated 0.3 mol/L Eco Film decreased by 16% 
(1107 MPa) relative to the control (1320 MPa). The 0.01 mol/L and 0.1 mol/L Eco Film 
modulus showed no significant difference relative to the Eco Film control.  
 
7.2.14 Phosphorylated potato film material properties 
Film samples showed a decrease in elongation at break with increasing phosphorylation. 
With respect to the control (1.82 mm), 0.01 mol/L potato film elongation at break 
decreased by 26.9% (1.33 mm), 0.1 mol/L potato film elongation decreased by 56.5% 
(0.79 mm) and the 0.3 mol/L film decreased by 70.3% (0.54 mm).   
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Tensile strength decreased with increasing phosphorylation. With respect to the potato 
control film tensile strength (28.27 MPa), 0.01 mol/L potato film tensile strength decreased 
by 8.4% (25.89 MPa), 0.1 mol/L Potato film decreased by 16.7% (23.53 MPa) and 
0.3 mol/L potato film decreased by 36% (18.10 MPa).  
Young‟s modulus decreased with phosphorylation. Relative to the potato control film 
(1642 MPa), 0.01 mol/L potato film modulus decreased by 1% (1625 MPa), the 0.1 mol/L 
potato film by 9.6% (1484 MPa) and the 0.3 mol/L potato film by 26.4% (1209 MPa).  
As grafted phosphate content increased Eco film and Potato starch films were observed to 
become more „paper-like‟ in both appearance and physical characteristics. As 
phosphorylation increased Eco Film starch and potato starch films went from being 
transparent to a solid white colour.  
Gelose 80 films remained semi-transparent but were observed to contain micro-crystalline 
cracks and the phosphorylated starch molecules appeared to have incompatibilities with 
the high amylose starch, or preferential crystallization of unmodified molecules occurred.  
After break during stress-strain analysis the cross-section of Eco Film and potato starch 
films produced a network with weak intra-molecular bonds. 0.3 mol/L phosphorylated 
potato and Eco Film starch film behavior was similar to a fiber weave; it was flexible but 
had low tensile strength and elongation. Phosphorylated films displayed low inter-
molecular bond strength.  
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7.3 Conclusion 
Potato starch treated with 0.3 mol/L phosphate had the highest reaction efficiency (58%) 
and achieved a DS of approximately 0.098. X-ray spectra of phosphorylated Eco Film and 
potato starch films contained peaks at 7, 20 and 16º 2θ. Peaks at 7 and 20º 2θ were 
attributed to V-type crystallographic structures. The peak at 16º 2θ is anomalous and may 
be the result of a V-type allomorph arising from starch phosphate esters.  
Eco Film starch treated with 0.3 mol/L phosphate had a storage modulus of 4.51 GPa and a 
loss modulus of 0.57 GPa, a decrease of 53.3% and 76.4%, with respect to the Eco Film 
starch control. Potato starch films treated with 0.3 mol/L phosphate had a storage modulus 
5.69 GPa and loss modulus of 1.05 GPa, a decrease of 38.7% and 57.1% with respect to 
the potato starch control. 
Eco Film starch films treated with 0.3 mol/L phosphate had decreased elongation (81.9%, 
0.57 mm), tensile strength (59.85%, 11.16 MPa) and Young‟s modulus (16%, 1107 MPa) 
with respect to a control. Potato starch films treated with 0.3 mol/L phosphate had a 
decreased elongation (70.3%, 0.54 mm), tensile strength (36%, 18.10 MPa) and Young‟s 
modulus (26.4%, 1209 MPa) with respect to a control. Phosphorylated films displayed low 
inter-molecular bond strength. 
Modification of starch via phosphorylation is commonly employed in the food industry 
where it is used to create starches as thickening agents. Thermoplastic films made from 
phosphorylated starches showed lower storage, loss and Young‟s modulus than control 
films. Phosphorylation also decreased tensile strength and elongation before break. 
Changes in mechanical properties probably arise from phosphate esters retaining water 
molecules (hence its use as a thickening agent), plasticizing the starch molecular structure. 
X-ray diffraction analysis reveals an anomalous peak in phosphorylated Eco Film starch 
and Potato starch at 16º 2θ. This may be a new allomorph of V type crystallinity created by 
phospho-ester modified single helices. The phosphorylated starch films appeared to suffer 
from weak intermolecular bonding, manifesting in low elongation and tensile strength. An 
increase in water during processing may have resulted in superior films and is 
recommended as future work. The reactive extrusion of poly-phosphates and starch may 
yield better results as processing water content can be more readily controlled and there is 
increased shear and mixing.  
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Chapter 8: Thermoplastic starch films 
with low plasticiser and cross-linker 
content.  
Thermoplastic starch materials present a viable alternative to oil derived plastics. The 
mechanical properties of thermoplastic starches may need adjustment to meet the 
requirements of specific applications. Mechanical properties can be adjusted in 
thermoplastic starch with the addition of plasticisers or cross-linkers. Plasticisers are 
typically small molecules that interact with polymer chains in a material using non-
permanent chemical bonds. Plasticisers lower the glass transition temperature of a material 
and make it more malleable, softer, flexible or increase elongation [252]. Alternatively, 
cross-linkers form permanent chemical bonds between polymer chains. This makes a 
material more rigid, tougher, stronger and less flexible. Cross-linking can also affect 
barrier properties, thermal stabilities, glass transition temperatures and wear rates [175].  
 
 Plasticisers 
Thermoplastic starch plasticisers are generally hydrophilic, or must have polar groups to 
promote compatibility. Water is by far the best starch plasticiser, and is required for 
gelatinization, but easily migrates from the polymer or evaporates due to its low vapor 
pressure [69]. The plasticiser glycerol is the most researched alternative to water. It is a 
low molecular weight polar molecule that is able to enter starch-water channels and has a 
high boiling temperature and vapor pressure [70-74].  
Lourdin et al identified an anti-plasticising effect of glycerol in solution cast potato starch 
films. At an addition level less than 12% w/w elongation at break decreased resulting in 
unpredictable mechanical property defects [77]. The anti-plasticization effect of low 
glycerol concentrations in starch films was reviewed by Myllarinen et al who concluded 
that the plasticization threshold for amylose-glycerol systems was closer to 20% w/w and 
30% w/w for high amylopectin films. Below this level glycerol content films had a 
reduced strain [75].  
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Figure 8.1: Tensile stress and strain as a function of glycerol content for amylose (Am) and 
amylopectin (Ap) films. Reproduced from Myllarinen et al [75]. 
Rodriguez-Gonzalez et al studied viscometry changes during starch melt extrusion with 
various amounts of glycerol plasticiser (20 to 40% w/w). A high amylopectin starch (75%) 
was used. Storage modulus and loss modulus data decreased significantly when glycerol 
plasticiser was added at 29 and 33% w/w. The plasticisation threshold for glycerol in high 
amylopectin starch was approximately 30 % w/w [253]. 
Chang et al commented that the anti-plasticising effects of glycerol were only observed in 
starch films with low water content (<7% w/w). In films with high water content (>9% 
w/w) glycerol behaved as a typical plasticiser [79]. It was determined that water molecules 
are doubly bound to sorption sites in polysaccharides, and that water content at 80% RH 
can be assigned to complete saturation of polysaccharide alcohols, assuming a double 
bridged mechanism [254].  
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 Crosslinkers 
Most cross-linkers increase tensile strength and decrease elongation by reducing molecular 
chain movement. Boric acid is an excellent starch crosslinker, commonly used and 
reported on in starch adhesives and films. Boric acid in starch Poly(vinyl alcohol) (PVOH) 
blends increased tensile strength and film transparency. Boric acid also compatibilised 
starch and PVOH blends [109].  
Kim et al. cross-linked potato starch and low-density polyethylene blends using 
epichlorohydrin. Tensile strength and strain energy of the films increased. Small changes 
in X-ray diffraction patterns and surface morphology were observed [255].  
Silva et al. used sodium trimetaphosphate as a starch cross-linking agent and observed an 
increase in Young‟s modulus with increasing trimetaphosphate content [256]. Rioux et al. 
studied epichlorohydrin as a cross-linker in high amylose starch films. Modulus and tensile 
strength were observed to increase with increasing cross-linker content [257]. 
Garg et al. measured mechanical property changes in starch low-density polyethylene 
blended films plasticised by glycerol and cross-linked using epichlorohydrin. X-ray 
diffraction studies showed that the relative crystallinity of the native and cross-linked 
starch was unchanged. Cross-linked starch low-density polyethylene blended films had a 
higher mechanical strength than native starch blend films [258].  
Sreedhar et al. conducted a study on the thermal and mechanical properties of starch 
poly(vinyl alcohol) (PVA) blends cross-linked with borax. Borax was used in situ with 
post processing to cross-link films. Glycerol addition ranged from 5 to 42% and borax 
from 4 to 12% w/w. Glycerol addition lowered material Tg. Film thermal stability 
improved with borax addition. As the concentration of borax in the blends increased, the 
tensile strength increased at the expense of elongation [259].  
 
 Orientation effects in extruded starch films 
Semi-crystalline polymers, such as polyethylene, are known to exhibit molecular 
orientation effects caused by extrusion or drawing of the material [260, 261]. Similarly, 
extruded thermoplastic starch is subject to orientation effects caused from processing and 
film drawing. Shogren [262] conducted a study into the effect of orientation on the 
physical properties of potato films, in which he notes that there is little published literature 
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on the effect of orientation on mechanical properties of starch films and fibers. Shogren 
produced oriented potato starch films and recorded that at a draw ratio (DR) of 5, 
elongation at break increased by factors of between 2 and 3, and film toughness increased 
by a factor of 7. Shogren only tested mechanical properties in the direction of the film 
draw.  
Films produced from Eco Film starch on the Entek 27 exhibit a molecular orientation 
effect [263]. Films have a higher elongation in the machine direction compared with the 
transverse direction. 
This chapter presents a study into the orientation effect observed in extruded Eco Film 
starch films. The addition of low amounts of glycerol and borax and a combination of 
glycerol and borax highlight changes in the orientated structure of Eco Film starch films. 
Glycerol is known to have an anti-plasticising effect in native starch films at below 
20 %w/w and MC of 9% though its effect in a modified (hydroxypropylated) system with 
a 50% RH equilibrated MC content of 12% is unknown. The use of small amounts of 
glycerol and borax is also more favorable on extrusion processing conditions as water 
addition and starch feed rates can remain constant as the additives produce only small 
changes in extrudate viscosity. The effects of two common starch film additives (glycerol 
and borax) were investigated in low concentration, and changes in mechanical properties 
in film machine and transverse extrusion directions recorded and investigated.  
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8.1 Methods and Materials 
Starch films were produced on an Entek 27 twin screw co-rotating extruder. (See materials 
and methods chapter for details).  
Starch films were made in 15kg batches. Starch formulations were calculated on a wet 
basis. Eco Film starch was recorded as having a moisture content of 12% and Elvanol 71-
30 PVOH a moisture content of 3.4%. The water content of starch and PVOH were taken 
into account when producing mixes for extrusion. Table 8.1 lists the experimental 
formulations. All films were made to a total water content (including original MC of starch 
and PVOH) of 27% w/w. After extrusion film rolls were left to equilibrate at 23ºC and 
50% RH for one week. Final film MC was approximately 12%. The addition of borax at 
over 1% w/w created films that were no longer thermoplastic and could not be collected on 
roll stacks.  
Table 8.1: Experimental formulations. 
Experiment 
Eco Film 
Starch 
(%w/w) 
Elvanol 71-
30 PVOH 
(%w/w) 
Stearic 
Acid 
(%w/w) 
Glycerol 
(%w/w) 
Borax 
(%w/w) 
Water 
(%w/w) 
Control 74.6 7.5 0.1 0 0 17.8 
5% Glycerol 70.4 7.5 0.1 3.7 0 18.3 
10% Glycerol 66.3 7.5 0.1 7.3 0 18.8 
0.5% Borax 74.2 7.5 0.1 0 0.4 17.8 
1% Borax 73.8 7.5 0.1 0 0.7 17.9 
0.5% Borax + 
5% Glycerol 
70.0 7.5 0.1 3.7 0.4 18.3 
1% Borax + 5% 
Glycerol 
69.6 7.5 0.1 3.7 0.7 18.4 
0.5% Borax + 
10% Glycerol 
65.9 7.5 0.1 7.3 0.4 18.8 
1% Borax + 
10% Glycerol 
65.5 7.5 0.1 7.3 0.7 18.9 
 
8.1.1 Creep recovery and DMA 
Creep recovery was measured using a Perkin Elmer Diamond DMA. Creep recovery 
samples were tested using a tensile force linearly applied from 10 mN to 5000 mN for 
10min then reducing the force back from 5000 mN to 10 mN over 40 min at 25ºC. This 
was repeated for 5 cycles. 
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8.1.2 Statistical analysis 
Student t-tests were made using the Minitab™ statistical software package (Version 14.1, 
Minitab Inc.). Paired t-tests were done assuming a normal distribution and 95% confidence 
interval.  
Outliers were detected and removed using Minitab statistical software employing Grubbs‟ 
method (macro supplied by D. Griffith [264]) and a 95% confidence level [265]. 
Grubbs test statistic is defined by equation 8.1: 
𝐺 =
𝑚𝑎𝑥 𝑖=1,…,𝑁  𝑌𝑖−𝑌 
𝑠
     (Equation 8.1) 
Where Y is the sample mean and s is the standard deviation. 
The two sided Grubbs test is defined by equation 8.2: 
𝐺 >
𝑁−1
 𝑁
 
𝑡 𝑎
2𝑁 ,𝑁−2
2
𝑁−2+ 𝑡 𝑎
2𝑁
,𝑁−2
2    (Equation 8.2) 
Where α is the significance level, and ta/(2N),N-2 is the upper critical value of the t 
distribution with N-2 degrees of freedom and a significance level of α/(2N).  
 
8.1.3 Principal Component Analysis (PCA) 
PCA analysis rotates the axis of a multidimensional data set to find the maximum variance, 
achieved through orthogonalisation (placing the new axes at right angles to one another) 
[266]. PCA chooses the first new (rotated) axis as a line that goes through the centroid of 
the data but minimizes the square of the distance of each datum point to that line. The line 
passes through the maximum variation in the data. The second PCA axis also passes 
through the centroid and maximum variation in the data but with the constraint that it must 
be totally uncorrelated (at right angles) to the first PCA axis. The new PCA axes are then 
rotated to become the X and Y axes for 2 dimensional plotting.  
Principal Components (PC) are composed of two matrices, scores (C) and loadings (P). 
Loadings contained information regarding the mechanical property while scores held 
information on the amount or importance of the loading vector in the sample set. PC are 
defined by equation 8.3,  
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𝑋 = 𝐶.𝑃𝑇 + 𝐸   (Equation 8.3) 
Where 𝑋  is the mean centered and standardized data, C is the scores matrix (the original 
data in a rotated coordinate system), P is the loadings matrix (weights for each variable) 
transposed, and E is the residual noise in the data.  
PCA yields three plots, the Scree plot, the Scores plot and the Loadings plot. The Scree 
plot is a plot of the variances of principal components against their indices and describes 
how much of the data‟s variability is contained in each PC.  
The Scores plot is the projection of the data onto the new coordinate system. The Scores 
plot can be used to examine underlying patterns or correlations within the data. The closer 
points (samples) are on the scores plot the more correlated (similar) they are.  
The Loadings plot defines the size of the contribution of each original variable to the PC. 
The Loading plot aids in interpreting what variables are affecting groupings or location on 
the Scores plot.  
PCA was conducted using the statistical software package Minitab™ (version 14). 
Mechanical testing data was recorded in varying units and thus data was normalized and a 
correlation matrix used in PCA. PCA was conducted using DMA storage modulus and loss 
modulus, Young‟s modulus, elongation at break, stress at peak, stress at break and ultimate 
tensile strength as variables.  
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8.2 Results and Discussion 
8.2.1 Effect of glycerol and borax on film Young’s modulus  
Figure 8.2 and Table 8.2 shows the changes in film Young‟s modulus in the machine and 
transverse directions with addition of varying amounts of glycerol and borax.  
 
 
Figure 8.2: Young’s modulus values of films in machine and transverse directions with varying 
amounts of glycerol and borax. 
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Table 8.2: Young’s modulus of glycerol and borax films. 
Formulation Machine 
Young’s 
modulus 
(MPa) 
Transverse 
Young’s 
modulus 
(MPa) 
Machine 
Young’s 
modulus 
change 
with 
respect to 
control 
P value 
of 
Machine 
Young’s 
Modulus 
Transverse 
Young’s 
modulus 
change with 
respect to 
control 
P value of 
Transverse 
Young’s 
Modulus 
Control 1578 1726 NA NA NA NA 
5% Glycerol 1451 1454 -8.04% 0.002 -15.7% 0.001 
10% Glycerol 1102 1156 -30.1% 0.000 -33.1% 0.000 
0.5% Borax 1811 1821 14.7% 0.000 5.5% 0.155 
1% Borax 2003 2062 26.9% 0.000 19.4% 0.000 
0.5% Borax + 
5% Glycerol 
1384 1496 -12.2% 0.001 -13.3% 0.042 
1% Borax + 
5% Glycerol 
1688 1658 6.9% 0.004 -3.9% 0.000 
0.5% Borax + 
10% Glycerol 
1257 1226 -20.3% 0.000 -28.9% 0.000 
1% Borax + 
10% Glycerol 
1255 1186 -20.4% 0.000 -31.3% 0.000 
 
 
8.2.2 Young’s Modulus: Control  
The Control film displayed an average Young‟s modulus of 1570 MPa in the machine 
direction and 1726 MPa in the transverse direction. 
8.2.3 Young’s Modulus: Glycerol  
The addition of 5% glycerol significantly reduced the Young‟s modulus in both the 
machine (8.04%, P=0.002) and transverse (15.7%, P=0.001) directions with respect to the 
control. The addition of 10% glycerol significantly reduced Young‟s modulus in the 
machine (30.1%, P=0.000) and transverse (33.1%, P=0.000) directions with respect to the 
control. 
8.2.4 Young’s Modulus: Borax 
The addition of 0.5% borax significantly increased Young‟s modulus in the machine 
(14.7%, P=0.000) direction. The addition of 1% borax significantly increased Young‟s 
modulus in the machine (26.9%, P=0.000) and transverse (19.64%, P=0.000) directions 
with respect to the control.  
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8.2.5 Young’s Modulus: Combination of Glycerol and Borax  
All glycerol and borax combined films, with the exception of 1% borax + 5% glycerol, had 
a significantly lower Young‟s modulus than the control. The 1% borax + 5% glycerol film 
had a greater Young‟s modulus in the machine direction (6.9%, P=0.004) but lower 
Young‟s Modulus in the transverse direction (-3.9%, P=0.000) with respect to the control.  
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8.2.6 Effect of glycerol and borax on film tensile stress at peak 
Figure 8.3 and Table 8.3 shows changes in film tensile stress at peak in the machine and 
transverse directions with addition of varying amounts of glycerol and borax. 
 
Figure 8.3: Stress at peak values of films in machine and transverse directions with varying 
amounts of borax and glycerol. 
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Table 8.3: Tensile stress at peak of glycerol and borax films. 
Formulation Machine 
Stress at 
Peak 
(MPa) 
Transverse 
Stress at 
Peak 
(MPa) 
Machine 
Stress at 
Peak change 
with respect 
to control 
P value 
of 
Machine 
Stress at 
Peak 
Transverse 
Stress at 
Peak change 
with respect 
to control 
P value of 
Transverse 
Stress at 
Peak 
Control 53.99 53.25 NA NA NA NA 
5% Glycerol 45.98 42.91 -14.8% 0.000 -19.4% 0.000 
10% Glycerol 40.24 37.62 -25.4% 0.000 -29.3% 0.000 
0.5% Borax 57.61 56.54 6.1% 0.007 6.2% 0.104 
1% Borax 65.23 62.06 20.8% 0.000 16.6% 0.000 
0.5% Borax + 
5% Glycerol 
47.92 49.11 -11.2% 0.011 -7.8% 0.045 
1% Borax + 
5% Glycerol 
61.50 57.52 13.9% 0.001 8.0% 0.001 
0.5% Borax + 
10% Glycerol 
41.46 39.50 -23.2% 0.000 -25.8% 0.000 
1% Borax + 
10% Glycerol 
45.54 40.11 -15.6% 0.000 -24.7% 0.000 
 
8.2.7 Peak Stress: Control 
The average stress at peak of the control was 53.9 MPa in the machine direction and 
53.2 MPa in the transverse direction.  
8.2.8 Peak Stress: Glycerol 
The addition of 5% Glycerol significantly reduced the stress at peak in both the machine 
direction (-14.8%, P=0.000) and transverse (-19.4%, P=0.000) direction with respect to the 
control. The addition of 10% glycerol significantly reduced machine direction stress at 
peak (-25.4%, P=0.000) and transverse direction stress at peak (-29.3%, P=0.000) with 
respect to the control.  
8.2.9 Peak Stress: Borax 
The addition of 0.5% borax significantly increased machine direction peak stress (6.1%, 
P=0.007) with respect to the control. The addition of 1% borax significantly increased 
stress at peak in both the machine direction (20.8%, P=0.000) and transverse direction 
(16.6%, P=0.000).  
8.2.10 Peak Stress: Combination of Glycerol and Borax  
The addition of 0.5% borax + 5% glycerol significantly decreased stress at peak in the 
machine direction (-11.2%, P=0.011) and transverse direction (-7.8%, P=0.045) with 
respect to the control. The addition of 1% borax + 5% glycerol significantly increased 
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stress at peak in both the machine (13.9%, P=0.001) and transverse (8.0%, P=0.001) 
direction with respect to the control.  
The addition of 0.5% borax + 10% glycerol significantly reduced peak stress in the 
machine (-23.2%, P=0.000) and transverse (-25.8%, P=0.000) directions with respect to 
the control. The addition of 1% borax + 10% glycerol significantly reduced peak stress in 
the machine (-15.6%, P=0.000) and transverse (-24.7%, P=0.000) direction with respect to 
the control.  
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8.2.11 Effect of glycerol and borax on break tensile strength  
Figure and Table 8.4 shows the changes in film tensile stress at peak in the machine and 
transverse directions with addition of varying amounts of glycerol and borax. 
 
 
Figure 8.4: Stress at break values of films in machine and transverse directions with varying 
amounts of glycerol and borax. 
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Table 8.4: Tensile stress at break of glycerol and borax films. 
Formulation Machine 
Stress at 
Break 
(MPa) 
Transverse 
Stress at 
Break 
(MPa) 
Machine 
Stress at 
Break 
change 
with 
respect to 
control 
P value 
of 
Machine 
Stress at 
Break 
Transverse 
Stress at 
Break 
change with 
respect to 
control 
P value of 
Transverse 
Stress at 
Break 
Control 41.09 34.93 NA NA NA NA 
5% Glycerol 30.18 25.67 -26.6 0.001 -26.5 0.003 
10% Glycerol 22.37 23.41 -45.6 0.000 -33.0 0.001 
0.5% Borax 41.22 32.90 0.3 0.960 -5.81 0.055 
1% Borax 57.27 42.34 39.4 0.000 21.2 0.035 
0.5% Borax + 
5% Glycerol 
27.78 25.13 -32.4 0.024 -28.1 0.005 
1% Borax + 5% 
Glycerol 
28.00 28.50 -31.8 0.001 -18.4 0.006 
0.5% Borax + 
10% Glycerol 
24.49 22.39 -40.4 0.000 -35.9 0.002 
1% Borax + 
10% Glycerol 
18.57 19.07 -54.8 0.000 -45.4 0.000 
 
8.2.12 Stress at Break: Control 
The control film had an average break stress of 41.09 MPa in the machine direction and 
34.93 MPa in the transverse direction.  
8.2.13 Stress at Break: Glycerol  
The addition of 5% glycerol significantly reduced stress at break in the machine direction 
(-26.6%, P=0.001) and transverse direction (-26.5%, P=0.003) with respect to the control. 
The addition of 10% glycerol significantly reduced the stress at break  in the machine 
direction (-45.6%, P=0.000) and transverse direction (-33%, P=0.001) with respect to the 
control.  
8.2.14 Stress at Break: Borax  
The addition of 0.5% borax did not significantly affect stress at break in either the machine 
direction (P=0.960) or transverse direction (P0.055) with respect to the control. The 
addition of 1% borax significantly increased stress at break in both the machine direction 
(39.4%, P=0.000) and transverse direction (21.2%, P=0.035) with respect to the control.  
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8.2.15 Stress at Break: Combination of Glycerol and Borax 
The addition of 0.5% borax + 5% glycerol significantly reduced break stress in the 
machine direction (-32.4%, P=0.024) and transverse direction (-28.1%, P=0.005) with 
respect to the control. The addition of 1% borax + 5% glycerol significantly reduced stress 
at break in the machine direction (-31.8%, P=0.001) and transverse direction (-18.4%, 
P=0.006) with respect to the control.  
The addition of 0.5% borax + 10% glycerol significantly reduced stress at break in the 
machine direction (-40.4%, P=0.000) and transverse direction (-35.9%, P=0.002) with 
respect to the control. The addition of 1% borax + 10% glycerol significantly reduced 
stress at break in the machine direction (-54.8%, P=0.000) and transverse direction (-
45.4%, P=0.000) with respect to the control.  
 
  
Page | 145  
 
8.2.16 Effect of glycerol and borax on ultimate tensile strength  
Figure and Table 8.5 shows the changes in film ultimate tensile strength in the machine 
and transverse directions with addition of varying amounts of glycerol and borax 
 
 
Figure 8.5: Ultimate tensile strength values of films in machine and transverse directions with 
varying amounts of glycerol and borax. 
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Table 8.5: Ultimate tensile strength of glycerol and borax films. 
Formulation Machine 
Ultimate 
tensile 
strength 
(MPa) 
Transverse 
Ultimate 
tensile 
strength 
(MPa) 
Machine 
Ultimate 
tensile 
strength 
change 
with 
respect to 
control 
P value 
of 
Machine 
Ultimate 
tensile 
strength  
Transverse 
Ultimate 
tensile 
strength 
change with 
respect to 
control 
P value of 
Transverse 
Ultimate 
tensile 
strength 
Control 51.3 53.3 NA NA NA NA 
5% Glycerol 35.5 43.0 -30.8 0.000 -19.4 0.000 
10% Glycerol 24.1 32.7 -52.9 0.000 -38.7 0.000 
0.5% Borax 50.5 56.4 -1.5 0.46 5.7 0.151 
1% Borax 64.1 62.9 25.0 0.000 17.9 0.001 
0.5% Borax + 
5% Glycerol 
40.0 49.0 -22.0 0.003 -8.2 0.024 
1% Borax + 5% 
Glycerol 
56.2 57.4 9.7 0.024 7.6 0.001 
0.5% Borax + 
10% Glycerol 
28.6 33.8 -44.3 0.000 -36.6 0.000 
1% Borax + 
10% Glycerol 
45.2 40.0 -11.8 0.001 -25.0 0.000 
 
8.2.17 Ultimate Tensile Strength: Control  
The control film had an ultimate tensile strength of 51.3 MPa in the machine direction and 
53.3 MPa in the transverse direction.  
8.2.18 Ultimate Tensile Strength: Glycerol  
The addition of 5% glycerol significantly reduced ultimate tensile stress in both the 
machine (-30.8%, P=0.000) and transverse (-19.4%, P=0.000) direction with respect to the 
control. The addition of 10% glycerol significantly reduced ultimate tensile strength in the 
machine direction (-52.9%, P=0.000) and transverse direction (-38.7%, P=0.000) with 
respect to the control.  
Reduction of tensile strength by glycerol addition was greater in the machine direction 
than in the transverse direction. 
8.2.19 Ultimate Tensile Strength: Borax  
The addition of 0.5% borax did not significantly change ultimate tensile strength in the 
machine direction (P=0.460) or transverse direction (P=0.151) with respect to the control. 
The addition of 1% borax significantly increased ultimate tensile strength in the machine 
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direction (25.0%, P=0.000) and transverse direction (17.9%, P=0.001) with respect to the 
control.   
8.2.20 Ultimate Tensile Strength: Combination of Glycerol and Borax 
The addition of 0.5% borax + 5% glycerol significantly reduced ultimate tensile strength in 
the machine direction (-22.0%, P=0.003) and transverse direction (-8.2%, P=0.024) with 
respect to the control. The addition of 1% borax + 5% glycerol significantly increased 
ultimate tensile strength in the machine direction (9.7%, P=0.024) and transverse direction 
(7.6%, P=0.001) with respect to the control.  
The addition of 0.5% borax + 10% glycerol significantly reduced ultimate tensile strength 
in both the machine direction (-44.3%, P=0.000) and transverse direction (-36.6%, 
P=0.000) with respect to the control. The addition of 1% borax + 10% glycerol 
significantly reduced ultimate tensile strength in the machine direction (-11.8%, P=0.001) 
and transverse direction (-25.0%, P=0.000) with respect to the control.  
The point at which borax enhances tensile strength for a film containing 5% glycerol lies 
between 0.5 and 1%.  
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8.2.21 Effect of glycerol and borax on film elongation at peak  
Figure 8.6 and Table 8.6 shows the changes in film elongation at peak in the machine and 
transverse directions with addition of varying amounts of glycerol and borax. 
 
 
Figure 8.6: Elongation at peak values of films in machine and transverse directions with varying 
amounts of glycerol and borax. 
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Table 8.6: Elongation at peak of glycerol and borax films. 
Formulation Machine 
Elongation 
at Peak 
(mm) 
Transverse 
Elongation 
at Peak 
(mm) 
Machine 
Elongation 
at Peak 
change 
with 
respect to 
control 
P value of 
Machine 
elongation 
at peak 
Transverse 
Elongation 
at Peak 
change 
with 
respect to 
control 
P value of 
Transverse 
elongation 
at peak 
Control 3.09 2.55 NA NA NA NA 
5% Glycerol 1.85 1.65 -40.1% 0.000 -35.3 0.000 
10% Glycerol 1.90 1.70 -38.5% 0.000 -33.3 0.000 
0.5% Borax 1.80 1.71 -41.8% 0.000 -32.8 0.000 
1% Borax 1.56 0.95 -49.6% 0.000 -63.1 0.000 
0.5% Borax + 
5% Glycerol 
1.89 1.71 -38.9% 0.000 -33.0 0.000 
1% Borax + 
5% Glycerol 
1.85 1.74 -40.3% 0.000 -31.6 0.000 
0.5% Borax + 
10% Glycerol 
1.88 1.78 -39.2% 0.000 -30.2 0.000 
1% Borax + 
10% Glycerol 
1.81 1.75 -41.4% 0.000 -31.2 0.000 
 
8.2.22 Elongation at Peak: Control  
The control film displayed the longest elongation at peak in both the machine (3.09 mm) 
and transverse (2.55 mm) direction.  
8.2.23 Elongation at Peak: Glycerol 
The addition of 5% glycerol significantly reduced elongation at peak in the machine 
direction (-40.1%, P=0.000) and transverse direction (-35.3%, P=0.000) with respect to the 
control. The addition of 10% glycerol significantly reduced elongation at peak in the 
machine direction (-38.5%, P=0.000) and transverse direction (-33.3%, P=0.000) with 
respect to the control.  
8.2.24 Elongation at Peak: Borax  
The addition of 0.5% borax significantly reduced elongation at peak in the machine 
direction (-41.8%, P=0.000) and transverse direction (-32.8%, P=0.000) with respect to the 
control. The addition of 1% borax significantly reduced elongation at peak in the machine 
direction (-49.6%, P=0.000) and transverse direction (-63.1%, P=0.000) with respect to the 
control.  
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8.2.25 Elongation at Peak: Combination of Glycerol and Borax 
The addition of 0.5% borax + 5% glycerol significantly reduced elongation at peak in the 
machine direction (-38.9%, P=0.000) and transverse direction (-33.0%, P=0.000) with 
respect to the control. The addition of 1% borax + 5% glycerol significantly reduced 
elongation at peak in the machine direction (-40.3%, P=0.000) and transverse direction (-
31.6%, P=0.000) with respect to the control.  
The addition of 0.5% borax + 10% glycerol significantly reduced elongation at peak in the 
machine direction (-39.2%, P=0.000) and transverse direction (-30.2%, P=0.000) with 
respect to the control. The addition of 1% borax + 10% glycerol significantly reduced 
elongation at peak in the machine direction (-41.4%, P=0.000) and transverse direction (-
31.2%, P=0.000) with respect to the control.  
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8.2.26 Effect of glycerol and borax on film elongation at break  
Figure and Table 8.7 shows the changes in film elongation at break in the machine and 
transverse direction with addition of varying amounts of glycerol and borax. 
 
 
Figure 8.7: Elongation at break values of films in machine and transverse direction with varying 
amounts of glycerol and borax. 
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Table 8.7: Elongation at break of glycerol and borax films. 
Formulation Machine 
elongation 
at break 
(mm) 
Transverse 
elongation 
at break 
(mm) 
Machine 
elongation 
change 
with 
respect to 
control 
P value of 
Machine 
elongation 
at break 
Transverse 
elongation 
change 
with 
respect to 
control 
P value of 
Transverse 
elongation 
at break 
Control 14.6 5.81 NA NA NA NA 
5% Glycerol 18.9 5.28 29.6 0.037 -9.1 0.069 
10% Glycerol 22.7 5.41 55.4 0.000 -6.9 0.071 
0.5% Borax 10.6 4.34 -27.1 0.013 -25.2 0.038 
1% Borax 4.6 1.49 -68.5 0.000 -74.3 0.000 
0.5% Borax + 
5% Glycerol 
9.5 3.46 -34.9 0.000 -40.3 0.002 
1% Borax + 
5% Glycerol 
4.5 2.09 -68.8 0.000 -63.9 0.000 
0.5% Borax + 
10% Glycerol 
16.4 4.43 12.1 0.341 -23.8 0.046 
1% Borax + 
10% Glycerol 
1.8 2.80 -70.4 0.000 -51.9 0.000 
 
8.2.27 Elongation at Break: Control 
The control film displayed an elongation at break of 14.6 mm in the machine direction and 
5.81 mm in the transverse direction. 
8.2.28 Elongation at Break: Glycerol  
The addition of 5% glycerol significantly increased elongation at break in the machine 
direction (29.6%, P=0.037) with respect to the control. The addition of 5% glycerol did not 
have a significant effect on elongation at break in the transverse direction (P=0.069) with 
respect to the control.  
The addition of 10% glycerol significantly increased film elongation in the machine 
direction (55.4%, P=0.000) with respect to the control. The addition of 10% glycerol did 
not change the elongation at break in the transverse direction (P=0.071) with respect to the 
control.  
Glycerol had a plasticising effect on elongation in the film machine direction (orientated 
molecules). In the transverse direction, glycerol had an anti-plasticizing effect.  
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8.2.29 Elongation at Break: Borax 
The addition of 0.5% borax significantly decreased elongation at break in both the 
machine direction (-27.1%, P=0.013) and transverse direction (-25.2%, P=0.038) with 
respect to the control.  
The addition of 1% borax significantly decreased elongation at break in both the machine 
direction (-68.5%, P=0.000) and transverse direction (-74.3%, P=0.000) with respect to the 
control.   
8.2.30 Elongation at Break: Combination of Glycerol and Borax 
The addition of 0.5% borax + 5% glycerol significantly decreased elongation at break in 
both the machine direction (-34.9%, P=0.0.00) and transverse direction (-40.3%, P=0.002) 
with respect to the control. The addition of 1% borax + 5% glycerol significantly 
decreased elongation at break in both the machine direction (-68.8%, P=0.000) and 
transverse direction (-63.9%, P=0.000) with respect to the control.  
The addition of 0.5% borax + 10% glycerol had no significant effect on elongation at 
break in the machine direction (P=0.341) with respect to the control. The addition of 0.5% 
borax + 10% glycerol significantly reduced elongation at break in the transverse direction 
(-23.8%, P=0.046) with respect to the control. The addition of 1% borax + 10% glycerol 
significantly decreased elongation at break in both the machine direction (-70.4%, 
P=0.000) and transverse direction (-51.9%, P=0.000) with respect to the control.  
No film experienced an increase in elongation at break in the transverse direction with 
respect to the control.  
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8.2.31 Dynamic Mechanical Analysis (DMA) 
Figure 8.8 and Table 8.8 show changes in film storage modulus in the machine and 
transverse direction with addition of varying amounts of glycerol and borax. 
 
 
Figure 8.8: DMA storage modulus values of films in machine and transverse direction with 
varying amounts of glycerol and borax. 
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Table 8.8: DMA storage modulus of glycerol and borax films. 
Formulation Machine 
storage 
modulus 
(GPa) 
Transverse 
storage 
modulus (GPa) 
Machine storage 
modulus change 
with respect to 
control 
Transverse storage 
modulus change 
with respect to 
control 
Control 8.2 10.6 NA NA 
5% Glycerol 6.7 8.8 -17.5 -16.8 
10% Glycerol 3.8 7.2 -53.5 -31.7 
0.5% Borax 9.3 11.5 14.0 8.9 
1% Borax 9.8 18.5 20.1 74.7 
0.5% Borax + 
5% Glycerol 
4.9 11.2 -39.6 5.6 
1% Borax + 5% 
Glycerol 
7.2 12.4 -11.2 17.1 
0.5% Borax + 
10% Glycerol 
4.8 7.8 -41.1 -26.6 
1% Borax + 
10% Glycerol 
6.2 9.5 -23.5 -9.9 
 
8.2.32 Storage Modulus: Control  
The control storage modulus was 8.2 GPa in the machine direction and 10.6 GPa in the 
transverse direction.  
8.2.33 Storage Modulus: Glycerol  
The addition of 5% glycerol decreased the storage modulus in the machine direction (-
17.5%) and transverse direction (-16.8%) with respect to the control. The addition of 10% 
glycerol decreased the storage modulus in the machine direction (-53.5%) and transverse 
direction (-31.7%) with respect to the control.  
8.2.34 Storage Modulus: Borax  
The addition of 0.5% borax increased the storage modulus in the machine direction 
(14.0%) and transverse direction (8.9%) with respect to the control. The addition of 1% 
borax increased the storage modulus in both the machine direction (20.1%) and transverse 
direction (74.7%) with respect to the control.  
8.2.35 Storage Modulus: Combination of Glycerol and Borax  
The addition of 0.5% borax + 5% glycerol decreased the storage modulus in the machine 
direction (-39.6%) with respect to the control. The addition of 0.5% borax + 5% glycerol 
increased the storage modulus in the transverse direction (5.6%) with respect to the 
control.  
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The addition of 1% borax + 5% glycerol decreased the storage modulus in the machine 
direction (-11.2%) with respect to the control. The addition of 0.5% borax + 5% glycerol 
increased the storage modulus in the transverse direction (17.1%) with respect to the 
control.  
The addition of 0.5% borax + 10% glycerol decreased the storage modulus in the machine 
direction (-41.1%) and transverse direction (-26.6%) with respect to the control. The 
addition of 1% borax + 10% glycerol decreased the storage modulus in both the machine 
direction (-23.5%) and transverse direction (-9.9%) with respect to the control.  
DMA results show that borax addition has a greater effect on the storage modulus in the 
transverse direction.  
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8.2.36 Creep recovery analysis 
Creep recovery was conducted on all films to ascertain the effect of borax and glycerol on 
elastic recovery under load. Creep recovery measures the plastic deformation of a polymer 
under a sustained load based on its elastic recovery after the load is removed.  
Figure 8.10 shows an example of the creep recovery curves generated for 0.5% borax + 
10% glycerol starch film. The film is permanently deformed after a 5 kN is load is applied.  
 
 
Figure 8.9: Example of a creep recovery curve obtained from addition of 0.5% borax + 10% 
glycerol to a thermoplastic starch film. The blue trace represents the applied stress and the red 
trace the strain response of the material.  
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Figure 8.10 and Table 8.9 show creep recovery values of films in machine and transverse 
directions with varying amounts of glycerol and borax.  
 
 
Figure 8.10: Creep recovery values of films in machine and transverse direction with varying 
amounts of glycerol and borax. 
Table 8.9: Creep recovery results of glycerol and borax films. 
Formulation 
Recovery, 
Machine 
direction (%) 
Recovery, 
Transverse 
direction (%) 
Change in 
Machine 
direction 
recovery (%) 
Change in 
Transverse 
direction recovery 
(%) 
Control 70 77 NA NA 
5% Glycerol 62 66 -8 -11 
10% Glycerol 54 57 -16 -20 
0.5% Borax 93 100 23 23 
1% Borax 98 100 28 23 
0.5% Borax + 
5% Glycerol 
85 92 15 15 
1% Borax + 5% 
Glycerol 
90 100 20 23 
0.5% Borax + 
10% Glycerol 
84 89 14 12 
1% Borax + 
10% Glycerol 
82 90 12 13 
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8.2.37 Creep Recovery: Control 
When placed under a static load the control film recovered by 70% in the machine 
direction and 77% in the transverse direction.  
8.2.38 Creep Recovery: Glycerol 
The addition of 5% glycerol decreased creep recovery in both the machine direction (-8%) 
and transverse direction (-11%) with respect to the control. The addition of 10% glycerol 
decreased creep recovery in both the machine direction (-16%) and transverse direction (-
20%) with respect to the control.  
8.2.39 Creep Recovery: Borax 
The addition of 0.5% borax increased creep recovery in both the machine direction (23%) 
and transverse direction (23%) with respect to the control. The addition of 1% borax 
increased creep recovery in both the machine direction (28%) and transverse direction 
(23%) with respect to the control.  
8.2.40 Creep Recovery: Combination of Glycerol and Borax 
The addition of 0.5% borax + 5% glycerol increased creep recovery in both the machine 
direction (15%) and transverse direction (15%) with respect to the control. The addition of 
1% borax + 5% glycerol increased creep recovery in the machine direction (20%) and 
transverse direction (23%) with respect to the control.  
The addition of 0.5% borax + 10% glycerol increased creep recovery in both the machine 
direction (14%) and transverse direction (12%) with respect to the control. The addition of 
1% borax + 10% glycerol increased creep recovery in both the machine direction (12%) 
and transverse direction (13%) with respect to the control.  
A direct relationship between borax addition and creep recovery was observed. The 
addition of borax increased creep recovery, regardless of glycerol addition.  
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8.2.41 Principal Component Analysis (PCA) 
PCA was used to characterize the changes in mechanical properties between samples 
containing differing amounts of glycerol and borax. 
 
8.2.42 PCA: Machine direction variables 
Figure 8.11a, 8.11b and 8.11c shows the results of PCA using variables in the machine 
direction.  
 
Figure 8.11a: Scree plot displaying PC variance in machine direction. PC1 and PC2 were 
determined to account for a variance of 95.6%. 
The scree plot (Figure 8.11a) was used to determine that the first two principal components 
account for 95.6% of the variance in the data.  
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Figure 8.11b: PCA scores plot showing correlation of samples based on first two principal 
components PC1 versus PC2.  
Figure 8.11b shows the score plot for PCA of machine direction mechanical property 
variables. Based on their linear distance, the control has mechanical properties similar to 
the 0.5% borax film. The 1% borax, 0.5% borax and control are grouped in the top left 
quadrant.  
The 5% glycerol, 10% glycerol and 0.5% borax + 10% glycerol are grouped in the top 
right quadrant. The 0.5% borax + 5% glycerol, 1% borax + 5% glycerol and 1% borax + 
10% glycerol films are grouped in the lower left and right quadrants.  
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Figure 8.11c: PCA loading plot of PC1 vs. PC2 showing variables in the machine direction. 
Figure 8.11c shows the loading plot of PC1 versus PC2. The loading plot shows how the 
mechanical property variables in the machine direction are causing samples to group.  
Films with high elongation are grouped into the top right quadrant. This was observed in 
the scores plot, where the 5% glycerol, 10% glycerol and 0.5% borax + 10% glycerol 
samples have clustered together. These films have comparatively higher elongation at 
break than the other films.  
Films with high stress at break and low elongation will group in the top left quadrant. This 
is observed in the scores plot, where the 1% borax, 0.5% borax and control films group.  
Films in the lower left quadrants have high ultimate tensile strength, stress at peak, 
Young‟s modulus, and storage modulus and an average elongation at break and stress at 
break. In the scores plot 1% borax + 5% glycerol are in the lower left quadrant. 
Films in the lower right quadrant have comparatively average to high elongation at break, 
and low to average Young‟s modulus, storage modulus and stress at break but a high 
ultimate tensile strength. In the scores plot, the 0.5% borax + 5% glycerol and 1% borax + 
10% glycerol film are located in this quadrant.  
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8.2.43 Principal component analysis: Transverse direction variables 
Figures 8.12a, 8.12b and 8.12c display the PCA results for film variables in the transverse 
direction.  
 
Figure 8.12a: Scree plot displaying PC variance in transverse direction. PC1 and PC2 were 
determined to account for a variance of 94.9%. 
The scree plot (Figure 8.12a) was used to determine that the first two principal components 
account for 94.9% of the variance in the data.  
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Figure 8.12b: PCA scores plot showing correlation of samples based on the first two principal 
components PC1 versus PC2. 
Figure 8.12b shows the score plot for PCA of transverse direction mechanical property 
variables. Based on the linear distance, the control film has mechanical properties more 
similar to the 0.5% borax film. The 1% borax and 1% borax + 5% glycerol films are 
grouped in the top left quadrant.  
The 1% borax + 10% glycerol, 0.5% borax + 5% glycerol and 0.5% borax + 10% glycerol 
films are grouped in the top right quadrant. The 5% glycerol and 10% glycerol films are 
grouped in the lower right quadrant. The 0.5% borax and control films are grouped in the 
lower left quadrant.  
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Figure 8.12c: PCA loading plot of PC1 versus PC2 showing variables in the transverse direction 
Figure 8.12c shows the loading plot of PC1 versus PC2. Films with high elongation at 
break in the transverse direction are grouped into the lower right quadrant. This was 
observed in the scores plot, where 5% glycerol and 10% glycerol samples have clustered. 
The control film is the lowest on the PC2 axis of the scores plot indicating it has the 
highest elongation at break in the transverse direction of all films tested. 
Films with high DMA storage modulus, ultimate tensile strength, stress at peak, stress at 
break and Young‟s modulus grouped in the upper left quadrant. In the scores plot, 1% 
borax and 1% borax + 5% glycerol are located in this quadrant.  
Films with low elongation at break and low DMA storage modulus, ultimate tensile 
strength, stress at peak, stress at break and Young‟s modulus were grouped in the upper 
right quadrant. The 1% borax + 10% glycerol, 0.5% borax + 5% glycerol and 0.5% borax 
+ 10% glycerol films are located in this quadrant.  
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8.2.44 Principal component analysis: Machine and transverse direction variables 
Figure 8.13a, 8.13b and 8.13c display the PCA analysis using the combination of 
mechanical property variables recorded in both the machine and transverse directions.  
 
Figure 8.13a: Scree plot displaying PC variance in machine and transverse direction. PC1 and 
PC2 were determined to account for a variance of 94.9%. 
The scree plot (Figure 8.13a) was used to determine that the first two principal components 
account for 92.6% of the variance in the data.  
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Figure 8.13b: PCA scores plot showing correlation of samples based on first two principal 
components PC1 versus PC2. 
Figure 8.13b shows the score plot for PCA analysis of the machine direction and 
transverse direction mechanical property variables. Based on their linear distance, the 
control has mechanical properties closest to the 0.5% borax film.  
The 1% borax and 1% borax + 5% glycerol films are grouped in the top left quadrant. The 
1% borax + 10% glycerol, 0.5% borax + 5% glycerol and 0.5% borax + 10% glycerol 
films are grouped in the top right quadrant. The 5% glycerol and 10% glycerol films have 
grouped in the lower right quadrant. The 0.5% borax and control films have grouped in the 
lower left quadrant.  
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Figure 8.13c: Loading plot of PCA variables in machine and transverse directions 
Figure 8.13c shows the loading plot of PC1 versus PC2. Films with high machine and 
transverse elongation at break grouped into the lower right quadrant. This is observed in 
the scores plot, where the 5% glycerol and 10% glycerol samples have clustered. The 
control film is the lowest on the PC2 axis of the scores plot as it has the highest transverse 
elongation at break of all films. 
Films with high machine ultimate tensile strength and transverse DMA storage modulus, 
transverse ultimate tensile strength and high machine and transverse stress at peak have 
grouped in the upper left quadrant. In the scores plot, 1% borax and 1% borax + 5% 
glycerol are located in this quadrant, though the 1% borax film has shifted more towards 
the middle of the PC2 axis. This cause of this shift is the result of high machine and 
transverse Young‟s modulus, machine DMA storage modulus and high machine and 
transverse stress at break in the 1% borax film.  
Films with low machine and transverse elongation at break and low machine and 
transverse DMA storage modulus, ultimate tensile strength, stress at peak, stress at break 
and Young‟s modulus were grouped in the upper right quadrant. The 1% borax + 10% 
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glycerol, 0.5% borax + 5% glycerol and 0.5% borax + 10% glycerol films are located in 
this quadrant.  
The 0.5% borax + 5% glycerol film is closest to the axis centroid and possesses a median 
value of all the mechanical property variables.  
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8.2.45 Orientation effects: Elongation 
Molecular orientation due to extrusion processing has created differences in mechanical 
properties for film samples measured in the machine and transverse direction. Molecules in 
the machine direction are more aligned and require less applied stress to disentangle and 
slip past one another.  
The addition of glycerol facilitates molecular slippage. The addition of 10% glycerol 
increased machine direction elongation by 55%. Transverse direction elongation did not 
increase with addition of glycerol (-6.9%). This is similar to the anti-plasticization effects 
Lourdin and Myllarinen described.  
The cross-linking of starch molecules by borax decreased elongation at break, increased 
tensile strength and enhanced creep recovery. 1% borax addition reduced elongation in the 
machine and transverse directions by 68 and 74%.  
The combination of borax and glycerol increases elongation in the machine direction and 
decreases it in the transverse. 
Figure 8.15 is a schematic representation of the effect glycerol and borax addition has on 
molecular interactions in thermoplastic starch films. The effect of orientation has been 
exaggerated for ease of visualization. Borax cross-linking occurs at a higher probability 
between molecules in the transverse direction due to alignment. Glycerol can penetrate 
water channels between aligned molecules and allows them to slip more easily past one 
another. A combination of glycerol and borax gives a combination of these effects.  
Orientation effects were also observed for other mechanical properties including Young‟s 
modulus, ultimate tensile stress, and DMA storage modulus. 
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Figure 8.14: Proposed molecule interactions in control, cross-linked, plasticised and cross-linked & plasticised samples. 
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8.3 Conclusion 
The addition of 5% and 10% of glycerol plasticizer in extruded thermoplastic starch films 
increased machine direction elongation at break and reduced machine and transverse 
direction ultimate tensile strength and Young‟s modulus. The addition of glycerol 
decreased the elongation at break in the transverse direction (6 to 9%).  
The addition of 0.5% and 1% borax increased Young‟s modulus, DMA storage modulus, 
ultimate tensile strength and creep recovery in the machine and transverse direction. The 
addition of 1% borax reduced elongation at break by 68.5% and 74.3% in the machine and 
transverse directions respectively. Borax (1%) enhanced ultimate tensile strength by 25% 
and 17.9% in the machine and transverse directions respectively.   
In films with a combination of glycerol and borax, elongation at break and tensile strength 
were more dependent on glycerol content. In the same films, creep recovery, Young‟s 
modulus and DMA storage modulus were more dependent on borax content. Films with 
glycerol and borax had reduced elongation at break but enhanced ultimate tensile strength 
and creep recovery.   
Due to molecular orientation effects in extruded starch films, mechanical properties in 
machine and transverse directions were affected differently by the addition of a glycerol 
and borax. A schematic to explain the molecular interactions in orientated starch films 
containing glycerol and borax was proposed. Cross-linker (borax) increased film modulus 
and tensile strength whilst reducing elongation. Plasticiser (glycerol) increased elongation 
but reduced tensile strength and modulus. A combination of the two has a number of 
effects depending on concentrations. Glycerol was always in greater concentration than 
borax and hence material properties containing a blend of the two showed trends more 
consistent with plasticised films. Borax is a short range cross-linker and reduces molecular 
slip and uncoiling under stress. DMA results show that borax addition had a greater effect 
on transverse direction modulus than machine direction. This is likely due to the film 
orientation effect which means that the probability of borax creating short links between 
aligned molecules is much higher. A borax cross-linked network is created through the 
aligned starch molecule network and in low additions (where there are still a greater 
amount of uncross-linked molecules that can easily slip in the machine direction) a greater 
affect on transverse properties is observed (Figure 8.14). Borax inclusion enhanced the 
creep recovery properties of films, whilst still allowing them to remain thermoformable 
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and flexible. The best performing formulation was 0.5% borax + 10% glycerol. This had 
lower modulus, better elongation (machine direction) and creep-recovery than the control 
film and good tensile strength.  
Anti-plasticisation effects in films with low glycerol content were observed only in 
elongation at break properties and only in the transverse direction. In the transverse 
direction glycerol did not behave as a typical plasticiser and either had no significant effect 
on elongation, or reduced it. The addition of a low content of glycerol may have actually 
helped promote starch molecular orientation during extrusion and thus reduced transverse 
elongation by reducing the population of molecules with an alignment that favors 
disentanglement, uncoiling and slip in the transverse direction. In the machine direction, 
glycerol behaved as a typical plasticiser, and a small amount (5 – 10%) can plasticise an 
extruded hydroxypropylated film with a MC of 12%.  
A wide range of film mechanical properties can be gained through the simple combination 
of a cross-linker and plasticiser. Film properties can be adjusted to suit a wide range of 
applications using glycerol, borax or a combination of the two.  
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Chapter 9: Thermoplastic starch-silica 
composites by reactive extrusion 
Starch based thermoplastics are used in a range of film and packaging applications ranging 
from chocolate trays to agricultural coverings. Thermoplastic starch materials can be made 
from starch and chemically modified starch [67, 124, 210, 267].  
Chemically modified starches are used in film production to inhibit retrogradation. 
Retrogradation is one of the causes of staling in breads and starch based foods, and 
involves the slow re-coiling of gelatinized amylose and amylopectin molecules back into 
their native helical arrangements or into a new, single helix conformation, the so called „V‟ 
type structure [64].  
Retrogradation in thermoplastic starch materials is undesirable as it imparts brittleness and 
a loss of optical clarity [184]. A common chemically modified starch is hydroxypropylated 
starch. Hydroxypropylated starches are created through reaction with propylene oxide, 
which substitutes hydroxypropyl groups onto starch hydroxyls [154]. Hydroxypropylated 
starch produces thermoplastic films that are more flexible [268]. Poly(vinyl alcohol) 
(PVOH) can be readily blended with a hydroxypropylated starch, and starch PVOH blends 
have been proven to have better tensile strength and elongation than pure starch films 
[269], and the blend ratio and PVOH molecular weight can be adjusted to create desired 
mechanical properties [106, 208]. 
The most common nano-fillers used to enhance mechanical properties in starch films are 
layered silicates or clays. These provide enhanced mechanical strength at low volume 
fractions provided that the nano-filler is well dispersed [1].  
Another common nano-filler is silicon dioxide (silica or SiO2). Shangwen Tang et al. 
reported that inclusion of dry powdered SiO2 particles in starch–PVOH films increased 
tensile strength at break and improved water barrier properties [151]. HanGuo Xiong et al. 
reported improved mechanical properties, transmittance, and water resistance of starch 
films containing nano-SiO2 particles [152]. Dispersion and mixing of silica particles 
requires high shear or ultrasonic mixing and nano-SiO2 starch experiments have only been 
reported on a laboratory scale, typically by casting films from solution [153, 270]. 
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Silica particles can be prepared in situ within a hydrophilic polymer such as starch by the 
hydrolysis and condensation of alkoxysilanes in a mixture of water, alcohol and base 
catalyst. The most commonly used alkoxysilane is tetraethyl orthosilicate (TEOS). 
Because water and alkoxysilanes are generally immiscible, a mutual alcohol solvent such 
as ethanol is normally used to compatibilise the two [271]. The choice of alcohol can have 
an effect on silica morphology. Silica particle size has been shown to increase with 
increasing molecular weight of the alcohol solvent; ethanol remains the preferred co-
solvent due to small flocculation particle size and reduced silicon dioxide aggregate size 
after drying [272]. 
Alkoxysilane hydrolysis occurs by a nucleophilic mechanism. In basic conditions, water 
dissociates to produce hydroxide ions, which then attack the silicon atom. When the 
hydroxyl groups replace an alkoxyl group, the electron density of silicon is reduced, 
accelerating the hydrolysis rate of the other attached alkoxyl groups [273]. Thus the rate 
limiting step in the reaction is hydrolysis of the first alkoxyl group, after which the 
hydrolysis proceeds rapidly producing silicic acid (Si(OH)4) [274, 275]. After water is 
removed, the silicic acid condenses into silicon dioxide (SiO2). The overall reaction can be 
written as: 
Si(OR)4 + 4H2O → Si(OH)4 + 4ROH 
nSi(OH)4 → nSiO2 + 2nH2O  
Though the reaction of TEOS to SiO2 appears simple, catalyst choice and concentration 
will vary SiO2 morphology [276]. The kinetics of TEOS to SiO2 conversion has been 
widely studied, with resulting kinetic constants varying from author to author [272, 277, 
278]. Acid catalysis is much faster than base catalysis [279]. TEOS condensation reactions 
can form either large branched silica networks or small silicate particles depending on 
whether an acid or a base catalyst is used [280].  
Under base-catalysed conditions, the amount of silica formed is less than the amount of 
TEOS consumed, due to incomplete conversion of intermediate species such as silicic 
acid. Base-catalysed silica condensation is believed to involve the attack of a nucleophilic 
(de-protonated) silanol on a neutral silicic acid, thus agglomerate formation is dependent 
on silanol / silicic acid molecules being within close spacial proximity [281]. Base-
catalysed TEOS condensation creates spherical silica agglomerates which impart different 
mechanical properties to the matrix into which they are incorporated. 
Page | 176  
 
The use of TEOS as a precursor to SiO2 has enhanced mechanical properties in many 
different polymers, including poly(acrylonitrile-co-butadiene-co-styrene) (ABS), 
poly(butylene terephthalate) (PBT), poly(ethylene) (PE), poly(methyl methacrylate) 
(PMMA), poly(styrene-co-butadiene) rubber and  poly(tetrafluroethylene) (PTFE, Teflon) 
[145-150]. 
SiO2 can be incorporated into starch as a dry powder, or formed from TEOS via the sol-gel 
process then mixed into a starch slurry, and then solution cast. Alternatively thermoplastic 
starch composites with SiO2 may be produced via reactive extrusion. Reactive extrusion 
has been used to produce hydroxypropylated starch, starch succinates, carboxylic acid 
modified starches and starch phosphates [154, 160-162].  
TEOS, hydroxypropylated starch, PVOH and a base catalyst (NH3) were combined in a 
reactive extrusion process to investigate film mechanical properties of starch-silica PVOH 
composites. 
  
Page | 177  
 
9.1 Materials and Methods  
9.1.1 Preparation of materials using Axon B12 extrusion 
Starch batches (300g) were prepared containing 3.5% w/w of TEOS, 10% w/w ethanol, 
10% w/w PVOH and slurried using 310ml of water. Ammonia, hydrochloric acid and 
sodium hydroxide were added as catalysts at 0.001, 0.01, 0.1 and 1M in the starch slurry. 
The control was also made to a total mass of 300g incorporating 10% w/w PVOH, 3.5% 
w/w TEOS and slurried with 330ml of water. The slurries were then extruded using an 
Axon B-12 single screw extruder producing a single 6mm strand which was pelletised. 
Films were formed through the hot-pressing of pellets using 20 tons of pressure at 120ºC 
for 5min. Table 9.1 displays the Axon B-12 extruder settings.  
Table 9.1: Axon B12 Extruder temperature zone settings. 
Zone 1 Zone 2 Zone 3 Zone 4 
60 90 80 70 
 
9.1.2 Preparation of materials using Entek 27 extruder 
Film was prepared on a twin screw, co-rotating Entek 27 extruder. TEOS, ammonia 
[0.01M], water and ethanol were added as a liquid feed (6.1kg/hr). Solid powders were 
added at 9.1kg/hr. Ethanol concentration in both the single screw and twin screw reactive 
extrusion experiments was fixed at 10% w/w, as this was deemed the maximum safe 
concentration allowable in an extrusion environment by and independent occupational 
health and safety risk assessment. For experimental simplification, TEOS was added in 
amounts to create approximate silica dioxide film contents of 0, 0.5, 1, 1.5, 2, 2.5 and 3% 
w/w based on the assumption of 100% conversion of TEOS to SiO2 (Table 9.2). While 
100% conversion has low probability, the exact conversion rates in a reactive extrusion 
environment are not known and could not be readily estimated.  
Sheets were extruded using a 620mm die at a gauge of 250μm and collected on roll stacks 
at 80°C. Sheets were then left to equilibrate at 23ºC and 50% relative humidity prior to 
mechanical testing. Chapter 3 details the Entek 27 parameters used. 
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Table 9.2: Formulations for thermoplastic starch-silica composites. 
Film 
Designation 
EcoFilm 
Starch (w%) 
Elvanol 71-30 
PVOH (w%) 
Stearic 
Acid (w%) 
Ethanol 
(w%) 
TEOS 
(w%) 
Water 
(w%) 
0% SiO2 66.1 7.6 0.1 7.3 0 18.9 
0.5% SiO2 65.7 7.6 0.1 7.3 0.4 18.9 
1% SiO2 65.4 7.6 0.1 7.3 0.7 18.9 
1.5% SiO2 65.0 7.6 0.1 7.3 1.1 18.9 
2% SiO2 64.6 7.6 0.1 7.3 1.5 18.9 
2.5% SiO2 64.3 7.6 0.1 7.3 1.8 18.9 
3% SiO2 63.9 7.6 0.1 7.3 2.2 18.9 
  
9.1.3 Determination of film SiO2 content by X-ray fluorescence analysis.  
A Bruker S4 Pioneer wavelength dispersive X-ray fluorescence spectrometer was used to 
determine actual SiO2 content in the films. Calibration standards were prepared by addition 
of pure dry SiO2 to dried starch, which was then re-hydrated and hot pressed into films of 
200, 300 and 600 μm thickness (see appendix 3). Calibration equations did not change 
with regard to thickness; for silica in graphite, 90 % of the radiation will originate from 
within 48.9 µm of the surface [282].  
9.1.4 Stress-strain analysis 
10 replicates were taken and results averaged for each film. A strain rate of 2 mm/min was 
used.  
9.1.5 Dynamic mechanical testing 
Storage and loss modulus for starch materials were measured using a Perkin Elmer 
Diamond DMA at a constant temperature of 25°C with an applied frequency of 1Hz, and 
results averaged over five replicates.  
9.1.6 Film morphology using Environmental Scanning Electron Microscopy 
(ESEM) 
Film SiO2 morphologies were examined using a FEI Quanta 200 environmental scanning 
electron microscopy (ESEM) with EDAX Si(Li) X-ray detector. Presence of Si in films 
was confirmed using the ESEM EDAX attachment (see appendix 4). A high vacuum was 
used along with a generator setting of 30kV and spot size of 3. Films were lightly etched in 
1M HCl and dried before analysis. 
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9.2 Results and Discussion 
9.2.1 Films produced using the Axon B12 extruder 
To examine the effects of catalyst choice and concentration on starch-PVOH film 
morphology, and to determine an optimum catalyst concentration for twin screw extrusion, 
starch composite films were prepared using a fixed concentration of TEOS, PVOH and 
ethanol, with varying acid and base concentrations. For experimental simplicity TEOS 
concentration was initially fixed at 3.5%, under the assumption that the full conversion of 
3.5% w/w TEOS (Mr 208.33) to SiO2 (Mr 60.09) would yield approximately 1% w/w SiO2 
film content. The in situ creation of SiO2 in starch-PVOH films within the range of 0 to 
3% w/w was considered achievable for larger scale twin screw extrusion. Previous 
literature on starch-silica PVOH composites also suggests that a morphological and 
mechanical optimum in found between 1 and 3% w/w SiO2 film content [14, 16,17]. 
Images 9.1a through to 9.1i display the examples of morphologies found in samples 
produced using the Axon B12 extruder with a fixed content of 3.5% w/w TEOS and 
varying types and concentrations of catalyst.  
Acidic (HCl) conditions produced needle like SiO2 crystals (Images 9.1a and 9.1b) 
whereas basic conditions produced spherical SiO2 agglomerates (Images 9.1d, e, f, h & i). 
After one week, acid-catalysed films stored at 23ºC and 50% RH began to degrade due to 
acid hydrolysis of starch (Image 9.1c). Sodium hydroxide catalysis turned films brown. 
The brown taint was noted to deepen in colour with increasing sodium hydroxide 
concentration. Ammonia catalysed films did not display any browning. Low 
concentrations of basic catalysts (0.001M) did not increase the natural pH of starch slurries 
above pH 7 and a variety of morphologies was observed in these films, ranging from 
spherelites to needles and chain growth (see image 9.1g). Base-catalysed SiO2 
agglomerates ranged from 20 microns to < 1 micron in diameter and were evenly 
distributed. The effect of catalyst concentrations above 0.01M had no further effect on 
agglomerate morphology. 
Films prepared without ethanol produced fewer SiO2 particles (image 9.1f). Ammonia (at 
or above 0.01M) was selected as the optimal catalyst because it did not cause film 
browning, produced similar SiO2 morphology to NaOH catalysed films and did not show 
signs of film degradation at up to 8 weeks when stored at 23º C and 50% RH. 
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Images 9.1a to 9.1i:, A) SiO2 crystals formed in HCl catalysed (0.1M) films, B) higher magnification of image A, C) degraded film (0.1M HCl) with holes 
after one month due to acid hydrolysis, D) SiO2 spherelites and aggregates formed in NaOH catalysed (0.1M) films E) SiO2 particles in NaOH catalysed 
(0.1M) films, F) SiO2 morphology in NaOH catalysed (0.1M) films with no ethanol, G) silica chain growth observed in low (0.001M) NH3 catalysed film. H) 
SiO2 particle size and distribution in NH3 (0.1M) catalysed films, I) higher magnification of SiO2 aggregates in NH3 catalysed (0.1M) films. 
G H I 
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9.2.2 Films produced using the Entek 27 extruder 
Extruded starch molecules, like many semi-crystalline polymers, preferentially align in the 
direction of extrusion flow [260, 283, 284] and thus the transverse direction of the films 
tends to have poorer elongation [261, 285, 286]. Due to this extrusion effect the starch-
PVOH control produced using an Entek 27 twin screw extruder displayed a higher 
elongation and lower modulus and tensile strength in the machine direction compared to 
the transverse direction. 
Starch-silica PVOH composite films were prepared on an Entek 27 twin screw extruder 
using ammonia (0.01M) as a catalyst, previously determined as the optimum choice, and 
varying concentrations of TEOS. Table 9.3 displays the reaction efficiency results of SiO2 
formation versus TEOS addition. The conversion efficiency of TEOS to SiO2 varied from 
12.0 to 41.3%. The highest efficiency (41.3%) was obtained with the highest addition 
amount of TEOS and a target SiO2 of 3% w/w. The short reaction time during the 
extrusion process (approximately 3 minutes) may have reduced the yield of SiO2.  
Table 9.3: TEOS to SiO2 conversion efficiency. 
Desired 
SiO2 
%·w/w 
TEOS 
(g) 
Desired SiO2 in 
10 kg 
SiO2 g produced 
in 10 kg starch 
Actual SiO2 
% w/w 
Efficiency % 
0.50 173.3 50 6.0 0.06 12.0 
1.00 346.7 100 12.0 0.12 12.0 
1.50 520.0 150 21.5 0.22 14.3 
2.00 693.3 200 28.5 0.29 14.3 
2.50 866.7 250 58.5 0.59 23.4 
3.00 1040.0 300 124.0 1.24 41.3 
 
SiO2 particles were spherical and formed agglomerates between 20 µm to <1 µm in 
diameter, particles <0.5 µm could not be observed due to the resolution limitations of the 
ESEM. Films with high TEOS content showed large-scale SiO2 clustering. Image 9.2a 
shows typical SiO2 dispersion and agglomerate size observed throughout all films. 
Image 9.2b shows the presence of large clusters (>50µm) in films prepared using the 
highest TEOS concentration.  
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Image 9.2(a) and 1(b): ESEM of film containing 0.59 %·w/w SiO2 and clustering observed in film 
containing 1.24 %·w/w SiO2. 
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9.2.3 Mechanical property analysis 
Figure 9.1 shows elongation at break and elongation at yield in machine and transverse 
directions for the various SiO2 concentrations ranging from 0 to 1.25 %w/w. Elongation at 
break decreased as SiO2 content increased, whilst elongation at yield remained relatively 
constant. 
 
 
Figure 9.1: Elongation at break and yield in machine and transverse directions (including 
standard error) versus SiO2 content. 
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Figure 9.2: Ultimate tensile stress and stress at yield in machine and transverse film directions 
(including standard error) versus SiO2 content. 
Film ultimate and yield stress rose quickly with increasing SiO2 content, Figure 9.2 
displays the logarithmic relationship observed between SiO2 content and tensile properties. 
At 1% w/w SiO2 inclusion machine and transverse tensile strength increased by 65% with 
respect to the control. The observed logarithmic trends and increase in tensile strength 
were similar to results reported by Tang et al [270].  
Young‟s modulus of the films also increased with addition of SiO2, in both the machine 
and transverse directions. The relationship between SiO2 content and film modulus was 
also observed to be logarithmic (Figure 9.3). At 1% w/w SiO2, film transverse modulus 
was 350 MPa greater than the control, and the machine modulus was 110 MPa greater.   
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Figure 9.3: Young’s modulus (MPa) in both machine and transverse film directions (including 
standard error) versus SiO2 content. 
9.2.4 Dynamic Mechanical Analysis (DMA) 
Similar to mechanical testing results, DMA storage modulus and loss modulus displayed 
logarithmic trends (Figure 9.4). As silica content increased the films were able to store 
more energy resulting in a decreased elastic response to applied forces, as indicated by the 
increase in storage modulus. The loss modulus values show that the films lose the ability 
to efficiently disperse energy with increasing SiO2 concentration. Silica reacts with starch 
to form starch-silica ethers, and this covalent bonding coupled with subsequent mild 
physical cross-linking effects increased overall tensile strength and reduced elongation.  
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Figure 9.4: DMA results showing storage modulus and loss modulus in machine and transverse 
film directions (including standard error) versus SiO2 content. 
Mechanical properties of the starch-silica PVOH composites changed with even small 
amounts (0.25%w/w) of in situ formed SiO2. Due to extrusion induced starch and PVOH 
molecular alignment in films, SiO2 formation effected mechanical properties in the 
machine and transverse direction in an un-homogeneous manner. Reactive extrusion of 
TEOS using a base catalyst in a starch PVOH blend produced films with small, well 
dispersed SiO2 agglomerates. These agglomerates have a high surface area and can interact 
with starch and PVOH through hydrogen bonding and ether formation. A small increase in 
the volume fraction of film SiO2 rapidly affected mechanical properties by reducing starch 
and PVOH molecular slip, decreasing elongation and visco-elastic response, but enhancing 
Young‟s modulus and tensile strength. 
  
Page | 188  
 
9.3 Conclusion 
The reactive extrusion of hydroxypropylated starch, TEOS, PVOH, ethanol and catalyst 
successfully created films with small, well dispersed SiO2 agglomerates. During twin 
screw extrusion TEOS to SiO2 conversion efficiencies of up to 41.3% were achieved.  
SiO2 film morphology was dependant on catalyst and ethanol inclusion. Acid catalysis 
(HCl) produced needle like SiO2 aggregates and base catalysis (NH3 & NaOH) produced 
spherical agglomerates. SiO2 particle size ranged from 20µm to < 1µm. The optimum 
catalyst concentration in both acid and base reactions was determined to be approximately 
0.01M. The addition of base catalyst at concentrations above 0.01M produced no extra 
effect on SiO2 morphology or distribution. Without ethanol as a co-solvent the observable 
SiO2 agglomerate population was reduced. 
The starch-silica PVOH composites had a higher tensile strength in comparison to a 
control, but a lower elongation at break. Tensile strength increased by 65% with 1% w/w 
SiO2 and elongation at break decreased by 69%. SiO2 agglomerates can hydrogen bond or 
form ethers with surrounding starch and PVOH molecules, rapidly reducing elongation 
and enhancing modulus and tensile strength. 
This was the first reported reactive extrusion of a starch-silica PVOH composite film using 
TEOS as a SiO2 precursor. Although reaction efficiencies were low, optimization was not 
an objective. A small inclusion of well dispersed SiO2 was observed to have a large effect 
on film mechanical properties.  
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Chapter 10: Conclusions and 
recommendations for further work 
This study was aimed at investigating and developing various thermoplastic starch 
composites and blends.  
X-ray diffraction methodology was developed for the quantitative interpretation of the 
diverse supra-molecular structures within starch materials, and their effects on 
retrogradation properties (Chapter 4). An iterative smoothing process, using a Savitzky-
Golay filter, was used to estimate and subtract the amorphous scattering contribution from 
X-ray spectra and thus estimate the crystallinity of both native granular starches and 
thermoplastic starch films. The crystalline X-ray spectra can then be subjected to curve 
fitting techniques to quantify the fraction of A, B or V type crystalline phases in a starch. 
The background subtraction technique was used to monitor the retrogradation of a newly 
formed high amylose starch film over a five day period. Films were observed to retrograde 
from a total crystallinity of 14% to a final value of 16% within five days. The X-ray 
diffraction areas considered to represent both the amorphous phase and crystalline phases 
were separated and independently analyzed for changes over time. The amorphous 
component in the thermoplastic starch changed rapidly after film forming and there 
appeared to be some short range ordering of the „amorphous‟ components over time that 
enhanced scattering intensity and peak shape. Whilst this weak ordering should not be 
considered crystalline through definition, it did indicate that some dynamic molecular re-
arrangements were taking place within the amylose fraction as water was lost, and could 
be considered to be a form of retrogradation.  
Thermoplastic starch materials were produced from a number of starch sources, as shown 
in chapter 5. The mechanical properties of the starch films were dependant on the amylose 
to amylopectin ratio and overall film crystallinity. Retrogradation is associated with 
amylose molecules and high amylose films were observed to experience higher degrees of 
retrogradation and thus film crystallinities. In un-plasticised films, the chemically modified 
Eco Film starch produced films with the highest elongation (4.2 mm) lowest modulus 
(894 MPa) and tensile strength (26 MPa) and highest dampening factor (Tan δ curve). 
Potato starch produced films with similar tensile strength to Eco film starch (28 MPa) but 
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had a lower elongation (2.1 mm) and higher modulus (1215 MPa). Avon starch films had a 
higher modulus of (1523 MPa) and the second highest tensile strength (38 MPa). Gelose 
50 and 80 films had the lowest elongation at break (0.7 mm and 0.3 mm) and highest 
modulus (1748 MPa and 1915 MPa). Gelose 80 films had the highest tensile strength of all 
films (45 MPa) and were physically brittle. Eco film starch and potato starch offer the best 
potential for thermoplastic film forming. 
The chemical modification of starch can result in significant changes in physical 
properties, including retardation of retrogradation. In chapter 6 two chloro-triazine reactive 
dyes and two vinyl sulfone reactive dyes were grafted onto a high amylose starch. 
Reaction efficiency was between 70 and 80% for each dye. Reduced retrogradation with 
respect to a control film was observed for starches modified with commercial dyes Procion 
Red MX5B and Remazol Black B dyes. Remazol Black B has two reactive groups and 
cross linked films, causing a decrease in elongation and increase in modulus and tensile 
strength. An inclusion of 5% w/w MX5B dye reduced retrogradation but did not have a 
significant effect on mechanical properties. A 25% w/w inclusion of MX5B dye increased 
the elongation by 85% and decreased tensile strength by 55% when compared with an 
unmodified high amylose control film. Due to the high molar mass of reactive dye 
chromophores a large weight fraction is required to create observable mechanical property 
changes due to low degree of starch substitution. Chloro-triazine and vinyl sulfone 
molecules can be used for the chemical modification of starch, though an attached water 
soluble molecule, smaller than a chromophore, would be the next logical experimental 
step.  
The phosphorylation of starch is well documented method of modification. In chapter 7 
three starches, Eco Film, potato starch and high amylose (Gelose 80) starch were 
phosphorylated and formed into films. Phosphorylated Gelose 80 starches produced brittle 
films, with little change with respect to a control. Eco Film starch had low phosphorylation 
reaction efficiency, but showed a significant reduction in elongation (51 to 81%), modulus 
(16%) and tensile strength (0.2 to 59%) depending on phosphate concentration with 
respect to a pure Eco Film control. Potato starch had the highest reaction efficiency. Potato 
starch phosphorylated films also displayed a decrease in elongation (26 to 70%), tensile 
strength (8 to 36%) and modulus (1 to 26%) depending on phosphate concentration and 
with respect to a pure Potato starch control. X-ray diffraction analysis reveals an 
anomalous peak in phosphorylated hydroxypropylated (Eco Film) starch and Potato starch 
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at 16º 2θ. This peak is possibly an allomorph of V type crystallinity created by phosphate 
ester modified single helices. Overall phosphorylation reduced mechanical properties and 
did not create films with desirable thermoplastic attributes.  
In chapter 8 commercial thermoplastic film formulations were modified by low 
concentrations of borax (<1% sodium tetraborate) and glycerol (<10%), lower than those 
typically found in literature, to test for changes in mechanical properties based on 
molecular orientation in the machine direction and transverse direction. Glycerol had an 
anti-plasticizing effect in the transverse direction, but increased elongation in the machine 
direction. Borax addition increased Young‟s modulus in the machine and transverse 
direction, enhanced tensile strength and creep and recovery and reduced elongation. The 
combination of borax and glycerol produced thermoplastic starch polymer films with 
increased elongation, decreased modulus and enhanced creep recovery and tensile strength 
with respect to the control. The molecular orientation of starch in extruded starch films in 
combination with glycerol and borax can enhance mechanical properties in either the 
machine or transverse direction.  
In chapter 9 Starch-Silica composites were produced by the reactive extrusion of an 
alkoxysilane precursor (TEOS) and thermoplastic starch. Reaction efficiency was 
determined by X-ray florescence measurement of film Si content, and efficiency increased 
with increasing TEOS concentration. The base-catalysed hydrolysis of TEOS in situ 
produced well dispersed silicon dioxide particles and agglomerates as observed using 
ESEM. Films typically displayed spherulite SiO2 agglomerates ranging from 20 μm to < 1 
μm. Films with high SiO2 content were noted to have varying morphology and some large 
(>100 µm) SiO2 clusters. The composite films had enhanced mechanical toughness and 
tensile strength but lower elongation and visco-elasticity. Tensile strength increased by 
65% at 1% w/w SiO2 and elongation decreased by 69%. Film modulus and ultimate tensile 
strength increased while elongation at break decreased with increasing SiO2 content. The 
changes in mechanical properties were typical of those expected in polymer systems with 
incorporated fillers. The small wt % of SiO2 required for an observable mechanical 
property change was not as typical, and indicated small agglomerate sizes and good 
distribution, the key benefit of in situ SiO2 formation using a liquid precursor.  
This study has explored a range of novel techniques for modifying the mechanical 
properties of thermoplastic starch films. This work is likely to become increasingly 
significant as the incentive to use biodegradable materials in film packaging grows. A 
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combination of chemical modification, filler or plasticiser can yield complex starch film 
properties may eventually help replace conventional oil derived plastics and reduce oil 
dependency.  
 
10.1 Comments on future work 
Chapter 4: The X-ray method developed is a quick method for estimating crystallinity. 
Estimation improvements can be obtained using more complex methods. It may be 
possible to add a sum of least squares and peak fitting algorithm that feeds known points 
of amorphous curve locations back into the estimation procedure to produce more rigorous 
estimations.  
Chapter 5: There are a variety of other starches that could have excellent film forming 
capabilities that were regrettably not explored because they were difficult to process. 
Tapioca starch and cassava starch are two that feature in literature. Starch blends would 
also be worth examining, including starch – gum composites.  
Chapter 6: The reactive molecules cyanuric chloride and vinyl sulphone found on 
commercial reactive dyes had good affinity for starch and high reaction efficiency. Vinyl 
sulphones can be made from di-bromide precursors and custom molecules can be made for 
experimentation with starch grafting. Cyanuric chloride can also be used to „activate‟ other 
molecules. The use of these groups could help compatibilise or create new starch blends 
and composites. Small less expensive molecules that contain these reactive groups could 
be commercially produced. Experimentation into „custom‟ made molecules for the 
chemical modification of starch could be used to improve water barrier properties. At the 
least, they serve as an alternative to epoxies.  
Chapter 7: Initial phosphorylation results were promising, and it would be worthwhile 
developing a reactive extrusion technique or enhancing the currently known extrusion 
technique that uses tri-poly phosphate to produce starch films directly from an extrusion 
line. The films produced suffered from low mixing and it was difficult to assess the 
amount of water addition required for re-hydration and pressing. This may have 
contributed to the „papery‟ properties of the materials. This work should be repeated and 
refined using experimental procedures to assess water content requirements and optimum 
processing temperatures and methods.  
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Chapter 8: The use of borax and glycerol in starch thermoplastic films can create a wide 
range of material properties. Borax is a short chain cross-linker and being so, reduces inter 
molecular movement in films reducing elongation. Longer chain cross-linkers should also 
be explored including amine and sulphur based molecules. Another alternative to borax is 
the commercial di-aldehyde glyoxal and citric acid. Borax remains the cheapest and most 
efficient starch cross-linker however. As an alternative to glycerol, liquid polyols and 
sugars could be examined as well as other small polar molecules.  
Chapter 9: The in situ formation of SiO2 from tetraethyl-orthosilicate (TEOS) had low 
reaction efficiency, likely due to low ethanol addition (due to occupational health and 
safety concerns) reducing miscibility and low reaction time during extrusion. The process 
could be improved through a two-stage extrusion process, or the liquid injections of 
catalyst at a point after TEOS and starch barrel mixing. Screw speed and water content 
may also improve reaction efficiency. Aside from tetraethyl-orthosilicate, other alkoxide 
worth investigating are titanium isopropoxide and aluminium isopropoxide. Different 
solvents would be required for miscibility with starch and water, but TiO2 is known to 
have many beneficial properties in polymer and films and is used in paints, sunscreens, 
ink, plastics etc as a filler, UV stabiliser and pigment.  
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Appendices 
Appendix 1: Mathcad code for estimation of amorphous component form X-ray 
diffraction spectra using a Savitzky-Golay smoothing algorithm: 
 
 
Appendix 2:  Chapter 6 calibration curves generated from UV-visible analysis of dye 
standards, used to determine grafting efficiency.  
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Appendix 3: Chapter  calibration curves generated from XRF analysis, used to 
determine SiO2 content in films. 
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Appendix 4: Chapter 9, ESEM X-ray dispersive results confirming the presence of 
elemental Si in SiO2 films.  
 
 
